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ABSTRACT 
DESIGN OF FUNCTIONAL BENZOXAZINE MATERIALS VIA 
THIOL-MEDIA TED REACTIONS 
by Matthew James Jungman 
May 2013 
The syntheses of functional benzoxazine monomers based on phenol and either 
propargyl amine or allyl amine were carried out to investigate the effect of introducing 
benzoxazines into thiol-alkyne or thiol-alkene networks on the thermal and mechanical 
properties of the networks. The thiol-aJkyne polymer networks were modified by utilizing 
the ability of the benzoxazine to undergo heat-induced ring-opening polymerization, 
adjusting the properties of the networks by varying the functionality of the thiol. The 
kinetics of the thiol-benzoxazine reaction were determined to compete with thiol-alkyne 
polymerization, and so the properties of the final networks were influenced by both 
factors, resulting in broad glass transitions and mechanically fragile samples above the 
glass transition temperatures. Thermal stability, however, was intermediate compared to 
neat thiol-alkyne polymers and polybenzoxazines. The thiol-alkene polymer networks 
were modified by reacting the benzoxazine directly into the polymer matrix, taking 
advantage of the thiol-benzoxazine reaction. The thermal and mechanical properties were 
studied with respect to the fraction of thiol-benzoxazine crosslinker introduced into the 
polymer, showing trends such as slower kinetics, lower initial thermal stability, lower 
• 
Young 's modulus, tunable glass transition temperatures, and higher strain at break. 
11 
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CHAPTER I 
INTRODUCTION 
Photopol ymerization 
Photopolymerization is a processing method that is energy-efficient, non-invasive, 
rapid and simple to perform. Judicious choice of (co)monomers allows for the 
development of either linear polymers or crosslinked polymer networks with varying 
physical, thermal, and mechanical properties. Currently, UV-cured materials have 
applications in areas such as coatings, inks, packaging, adhesives, and electronics, among 
h 1-3 ot ers. 
Most photopolymerizations require an initiator molecule, although there have 
been examples of light-induced polymerizations that do not require a photoinitiator.4·5 
However, for formulations that require a photoinitiator, the properties of the resulting 
polymer or network can be affected significantly by aspects such as concentration of 
initiator, kinetics of initiation, and intensity of incident light. Wavelength of light is 
crucial in photopolymerization, as each photoinitiator requires a specific wavelength to 
begin polymerization. Most photoinitiators absorb in the ultraviolet range, but examples 
of visible light-induced photoinitiators have been documented in the literature as well.6 
Regardless of the wavelength of light employed, each photoinitiator undergoes the same 
general mechanism when irradiated. The molecule absorbs an incident photon, which 
promotes an electron to a higher energy orbital, creating an unstable excited state. The 
molecule then cleaves into initiator fragments, which can be cationic,7 anionic,8 or free-
d o 9 10 ra teal · in nature. 
Several photoinitiators are inexpensive and commercially available. For the 
purposes of the work shown herein, only free-radical photopolymerization will be 
2 
discussed. Specifically, all photopolymerizations in thi s work are initiated by 2,2-
dimethoxy-2-phenylacetophenone (DMPA), whose structure and mechanism of light-
induced cleavage is shown in Scheme 1. Two radicals are produced through the 
breakdown of DMPA: a benzoyl radical and a methyl radical. Since the benzoyl radical is 
resonance stabilized, the methyl radical initiates the vast majority of the polymer chains. 
lr) 
0~ 
o, 
---JI ... ._ · CH3 + 
Scheme 1. Light-induced breakdown ofDMPA. 
a yO 
o, 
Thiol-Aikene Photopolymerization 
lr) 
0~ 
o, 
As described above, UV curing is associated mainly with free-radical based 
chemistry. Notably, acrylates and methacrylates have been used with success in 
industry. 1•3 However, thiol-alkene polymerization is becoming more prominent. In 
general, polymers with sulfur atoms covalently bound within the polymer structure show 
enhanced thermal stability, optical clarity, and potential as heavy metal scavengers. 11 -13 
Therefore, it stands to reason that thiol-alkene polymers have the potential to deliver 
these properties, due to the regular presence of sulfur atoms within the repeating motif of 
the polymer or polymer network. Specifically, thiol-alkene formulations show favorable 
attributes compared to (meth)acrylates such as low shrinkage upon curing, oxygen 
tolerance, rapid kinetics of polymerization and uniformity within the polymer or 
network.3.14-2 1 All of these advantages stem from the mechanism of the thiol-alkene 
3 
reaction, which is a radical-mediated mechanism which has characteristics of both step-
and chain-growth polymerizations. The step-growth characteristics include the ability of 
any reacting species to add into the polymerization and the inclusion of functional groups 
within the polymer structure. Chain-growth characteristics include the presence of 
initiation, propagation, chain transfer, and termination steps during polymerization. The 
mechanism begins with the decomposition of the initiator molecule into reactive 
fragments (DMPA, shown in Scheme 1 ). The subsequent initiating radical removes a 
hydrogen atom from a thiol creating a thi yl radical. The thiyl adds to the carbon-carbon 
double bond in an anti-Markovnikov fashion to create an alkyl sulfide radical, which can 
then chain transfer with another thiol to continue the reaction. The mechanism of the 
thiol-alkene reaction is shown in Scheme 2. 
Initiation 
Propagation 
Chain Transfer 
H 
s. ;.__ + R .... s , H R"' ......_,.... ' R' 
S I R"'S. 
R"' ~R' + 
Scheme 2. Mechanism of thiol-alkene reaction. The thiyl radical produced during chain 
transfer can add to another alkene in the propagation step. 
Based on the nature of the propagating species, the thiol-alkene reaction is 
oxygen-tolerant.5•22·23 This behavior is unusual when comparing this reaction to other 
free-radical reactions, which are inhibited by molecular oxygen. 18•24 In free-radical chain-
growth polymerization, a propagating radical adds across the oxygen-oxygen double 
bond, creating a highl y stable peroxy radical. The peroxy radical will not quickly add to a 
new monomer to reinitiate polymerization, leading to an overall inhibitory effect. 
However, in the case of thiol-alkene polymerizations, the peroxy radical is reactive 
towards removal of a hydrogen atom (i.e. chain transfer).25 The peroxy radical thus 
removes a hydrogen atom from the thiol, creating another thi yl radical. This process 
already occurs during the mechanism of the thiol-alkene reaction, effectively rendering 
oxygen as a non-interacting molecule. The mechanism of oxygen addition in a thiol-
alkene network is shown in Scheme 3. 
Addition of oxygen 
+ 
Chain transfer 
+ ... 
Scheme 3. Effect of oxygen on the thiol-alkene reaction. The thiyl radical produced 
during chain transfer will then add to another alkene. 
In addition to the advantages listed above for thiol-alkene polymers, the library of 
commercially available thiols and alkenes allows for nearly unlimited combinations of 
monomer systems. By adjusting the thiol-alkene system, one can expect to achieve a 
broad range of desired properties (and hence applications), including tunable glass 
transition, density, thermal stability, etc.2 1•24·26-29 Several sources have shown that thiol-
alkene polymers can be used in dental applications, stone conservation, imprint 
lithography, and adhesives, among others. 17·30-32 
In spite of the attributes listed, thiol-alkene polymers generally show drawbacks 
that need to be addressed. The major shortcoming in thiol-aJkene polymers is usually a 
low glass transition temperature. Careful choice of monomers possessing high 
4 
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functionality and small structures can increase the Tg to a limited extent. Two examples 
of attempts at increasing Tg of thiol-alkene networks are thiol-norbornenes (Tg - 80 °C)33 
and thiourethanes (Tg - 100 °C).34 So far, however, there are no examples in the chemical 
literature of neat thiol-alkene networks with Tg greater than 100 oc. 
Another drawback of thiol-alkene polymers is their low thermal stability. 
Although it is known that aromatic rings will increase thermal stability of a polymer at 
high temperatures, most commercially available thiols and alkenes are aliphatic in nature, 
leading to a low thermal stability. Several examples of hybrid systems have been shown 
to increase the thermal stability of thiol-alkenes. All of these systems combine thiol-
alkene chemistry with other types of curing methods. These systems have the added 
benefit of increasing T g as well. Hybrid thiol-enes/benzoxazines,35•36 hybrid thiol-
enes/thiol-epoxies37 and hybrid inorganic/organic thiol-ene networks have been 
reported. 32.38.39 
Thiol-alkyne Photopolymerization 
Thiol-alkyne networks have been utilized to overcome the disadvantage of low 
glass transition temperatures in thiol-alkene networks achieving aT g of up to 60 oc in 
some cases.
1
M
0 The rationale for this design stems from the stoichiometry employed for 
the thiol-alkyne polymerization; two thiols are needed to completely react with one 
alkyne functional group. The mechanism41 for the thiol -alkyne reaction is shown in 
Scheme 4. 
Propagation 1 
Chain Transfer 1 
Propagation 2 
Chain Transfer 2 
Scheme 4. Mechanism for the radical-mediated thiol-alkyne reaction. The thiyl radical 
produced during Chain Transfer 2 can add to another alkene or alkyne. 
Following the aforementioned initiation process for the thiol-alkene 
polymerization, the thiol-alkyne reaction proceeds with the addition of the thiy1 radical 
across the carbon-carbon triple bond, creating a vinyl sulfide radicaL The vinyl sulfide 
6 
radical then removes a hydrogen atom from another thiol thus regenerating a thiyl radicaL 
The thiyl radical subsequently adds to the carbon-carbon double bond to produce an 
aliphatic carbon-centered radical; this reaction has been documented to be approximately 
three times faster than the initial addition of thiyl to alkyne.42 The aliphatic radical 
removes a hydrogen from another thiol molecule, creating a 1 ,2-dithioether product. 
Essentially, the thio1-alkyne reaction can be mechanistically viewed as two sequential 
thiol-alkene reactions. 30.43.44 
Although the thio1-a1kyne reaction is superficially similar to the thiol-alkene 
reaction, there are some notable differences. Primarily, the Tgs of most thio1-alkyne 
networks are higher than those of thiol-alkene networks, even though the full-width at 
half maximum (FWHM) in the tan delta is considerably broader. Additionally, the 
thermal tability is comparable to traditional thiol-alkene networks. One aspect of thiol-
alkyne polymerization that is attractive is the ease of synthesis of multifunctional alkyne 
monomers. Use of the thiol-acrylate reaction will convert a multifunctional thiol into a 
multifunctional alkyne in less than an hour.40 
Benzoxazines 
7 
Benzoxazines and their corresponding polymers have attracted much attention 
recently due to their favorable properties. Polybenzoxazines are touted as a potential 
replacement for traditional novolac and resole phenolic resins.45'46 The current phenolic 
resins have drawbacks such as brittleness, low shelf life, requirement for a strong acid or 
base catalyst, release of byproducts and formation of voids and holes during curing.47 
Additionally, the favorable properties of polybenzoxazines include high Tg, high thermal 
stability, electrical insulation, low water uptake, low shrinkage upon curing and chemical 
resistance.48-52 Most importantly, benzoxazines can be cured via a thermally-induced 
cationic ring-opening polymerization mechanism, eliminating the need for catalysts.7·53-56 
The general scheme for ring opening polymerization (ROP) of a benzoxazine is shown in 
Scheme 5. 
Heat 
... 
Heat 
... 
Scheme 5. Thermally-activated ring-opening polymerization of both monofunctional and 
difunctional benzoxazines. 
The mechanism of heat-induced cationic ROP of a benzoxazine57 is shown in 
Scheme 6. During the first step, the oxazine ring is opened to form a phenoxy anion and 
irninium cation. While not shown, the phenoxy anion has resonance structures within the 
benzene ring. However, the iminium cation also has a resonance form, shifting to a 
primary carbocation. It is this form of the cation that allows polymerization to occur, as 
pi electrons from another benzene ring can attack the carbocation. Due to the electron-
withdrawing character of the oxygen atom, either the ortho or para positions can be 
substituted, although in Scheme 6, the para position is shown blocked for simplicity. An 
intramolecular proton transfer then occurs to yield the adduct of a dimer between two 
benzoxazine monomers. The process can continue until the reactive benzoxazine rings 
are consumed. It is important to note here that the benzoxazine monomer shown in 
Scheme 6 will result only in a linear homopolymer upon heat-induced ROP. Unblocking 
the para position or increasing the functionality of the benzoxazine will result in 
crosslinked polymer networks. 
8 
phenoxy 
resonance 
Scheme 6. Heat-induced cationic ROP mechanism of a monofunctional benzoxazine. 
The synthesis of benzoxazine monomers provides unprecedented design 
flexibility due to the broad array of starting materials available. Three reagents are 
required: a phenol, a primary amine and (para)formaldehyde.45•46•58 The general scheme 
to synthesize a benzoxazine is shown in Scheme 7. Both the phenol and primary amine 
can have functionalities greater than one, which would yield a multifunctional 
benzoxazine. Indeed, bisphenol A is a common phenol used in the synthesis of 
b . 35 48 59-62 d . d ' . h b d h . b . enzoxazmes, · · an pnmary tarrunes ave een use to synt esiZe enzoxazmes 
as well.63 
()
OH 
+ 
..& ... 
+ gR''Y~ 0 ..& 0 
lN N) 
I I 
R R 
Sc~leme 7. Synthesis of monofunctional (top) and difunctional (bottom) benzoxazines 
u mg (bis)phenol, primary amine and formaldehyde. 
9 
The mechanism of benzoxazine synthesis is a two-step process.64 For simplicity, 
the process to form a monofunctional benzoxazine is shown in Scheme 8. The first step 
involves the reaction of formaldehyde with the primary amine to form an N,N-
10 
dihydroxymethylamjne derivative. The second step is a nucleophilic aromatic substitution 
of the amjne onto the ortho position of the phenol, liberating one molecule of water for 
every mole of (para)formaldehyde initially charged to the reaction vesseL 
......... -... + VOH HO" ~N' " OH 
I 
R 
Scheme 8. Synthetic route of monofunctional benzoxazine formation. 
As stated earlier, polybenzoxazines show several favorable properties. Based on 
these properties , we could expect polybenzoxazines to be applicable in areas such as 
naval and aerospace composites, electrical insulation, circuit board coatings, etc.56•59 Like 
thio1-a1kene systems, however, there are certain drawbacks to polybenzoxazines. First, 
there are onl y a handful of neat polybenzoxazines synthesized that possess a Tg below 
100 °C.65•66 In fact, most polybenzoxazine resins (without introduction of a secondary 
system) have Tgs at or above 200 oc, thus lirruting their use in low-temperature 
app1ications.5 1•59•67-70 Second, when heat cured, polybenzoxazines are often brittle, 
sometimes to the point of being completely intractable. This behavior is especially true 
for monofunctional benzoxazines. Upon heat-induced ROP, the resulting polymers are 
fragile, only lightl y crosslinked and generall y have a molecular weight averaging around 
l ,OOQ g/mo1.7 1 Third, cure temperatures needed for benzoxazine monomers often exceed 
200 oc, therefore necessitating a considerable energy investment. Methods that claim to 
ignificantly reduce the cure temperature of benzoxazines exist in the literature. 56 These 
approaches use either Lewis acids or superacids to assist in ring-opening of 
polybenzoxazines. Lastly, most multifunctional benzoxazine monomers are present in a 
powdery form, a so-called brick dust. The physical state of the monomer renders it 
difficult to apply as a coating. This problem can be avoided to a certain extent in one of 
two ways: either solution casting or melt casting the benzoxazine monomer. 
To attack the first two problems, several attempts at utilizing the modular nature 
of benzoxazine synthesis have been published. Figure 1 shows the three main sites that 
are amenable to modification of the benzoxazine monomer. Modifications of the center 
(R' ), amine linker (R) and presence or absence of reactive functional groups (FG) have 
all been addressed as ways to tune the physical and chemical properties of the 
benzoxazine monomer. 
Figure 1. Difunctional benzoxazine monomer, showing three sites for modification in 
red. 
A significant fraction of the chemical literature on benzoxazines is focused on the 
modifications of the center (the R' group in Figure 1), due to the ease of synthesis or 
commercial availability of (bis)phenols or primary (di)amines . Figure 2 shows a handful 
of examples of benzoxazine centers that have been documented,51 •62·72-75 each of which 
result in different physical properties. While Figure 2 only displays examples of rigid-
linked center , there have been examples of flexible-linked centers as well.65 
1 I 
12 
(9-Link••-Q:> 
R' R 
Q 
oy~ o-P-o-Q, o < - Q \\ II > 
N N 
R' R 
Figure 2. Examples of modifications to the center of a benzoxazine. 
Other sources have shown that the amine linker (the R group in Figure 1) can be 
modified as well.67•70•76 Compared to reports on the center of benzoxazines, however, 
these studies are much rarer. Figure 3 shows a few of the modifications that have been 
documented on the amine linker. 
R' 
I 
FG 
R 
I 
FG 
•,N~o~. 
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Figure 3. Examples of modifications to the amine linker in a benzoxazine monomer. 
Finally, the pendent functional groups on a benzoxazine monomer are a common 
point of attack in adjusting the chemical properties of the monomer (and, hence, resulting 
polymer). Figure 4 shows examples of different functional groups that have been 
appended to a benzoxazine monomer.35·59•65·66'76'77 These functional groups can have one 
of two effects: ( 1) offer sites on the benzoxazine monomer for additional crosslinking 
during thermal curing, and (2) utilize the functional groups for chemistry that is not 
related to thermally-initiated ring-opening polymerization (e.g. "click" chemistry). 
Several examples exist in the literature documenting the use of highly efficient reactions 
to form intermediate polymers with intact benzoxazine rings either in the backbone or as 
a side group.35·36·59·60·62·69•78 The reports document chemistry such as Diels-Aider, azide-
alkyne, Sonogashira coupling and thiol-alkene. From this point, the polymers can then be 
crosslinked using heat. 
·-o . _ ..;;;__::;::; 
0 
·-o * N 
Figure 4. Examples of functional groups that have been utilized on benzoxazine 
monomers. 
While thermally-induced curing of benzoxazines gives the most desirable 
thermomechanical properties of the resulting polymer, there are other methods to ring-
open the benzoxazine functional group. As alluded to earlier, Wang has documented the 
cationic ring-opening of benzoxazines using Lewis acids. 56 This method of ROP allows 
the benzoxazine to polymerize at a low temperature (in some cases, as low as 20°C) and 
till obtain similar thermomechanica1 properties as heat-cured polymers. However, this 
ring opening technique reverts to the same problem seen in traditional phenolic resins, 
which require a catalyst that cannot be removed from the final resin. 
Yet another method of benzoxazine ring-opening was recently documented by 
several researchers, including our group. In each of these sources, the benzoxazine ring 
has been shown to ring-open in the presence of thiols and is dubbed the COLBERT 
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reaction (Catalytic Opening of Lateral Benzoxazine Rings by Thiols). 35·36·79 According to 
Gorodisher, the mechanism, shown in Scheme 9, proceeds either predominantly or 
exclusively through the nitrogen atom.79 While one might expect the ring-opening to 
15 
proceed through the oxygen atom due to its more electronegative nature, Gorodisher has 
hown that there is a rate difference depending on the amine substituent. Specifically, 
benzoxazines with aromatic amine substituents (e.g. aniline) have a slower reaction rate 
than benzoxazines with aliphatic amine substituents (e.g. dodecylamine) . This 
observation can be explained due to the lower basicity of the aromatic amine.80 Since the 
reaction requires a protonation step, aromatic amines would be less readily protonated. 
Regardless of the amine substituent, the reaction can be catalyzed by a weak acid, such as 
acetic acid, which activates the benzoxazine ring by protonating the nitrogen atom. 
Gorodisher has shown that the time required to reach 75% conversion of benzoxazine to 
COLBERT product drops from 6 h to approximately 1 hr when catal yzed by acetic 
acid.79 The benzoxazine ring then opens upon addition of the thiol to the carbon between 
the oxygen and nitrogen atoms, forming the phenolic product. 
C(l N 
' R C(I ,H + N, R ® 
H C(H 
N'-../S' R' I (±) 
R 
Scheme 9. Mechanism fo r the acid-catalyzed COLBERT reaction. 
The original intent for the COLBERT reaction was to create linear step-growth 
copolymers with benzoxazine-terminated endgroups.81 The benzoxazines could then be 
heat cured to form an adhesive or sealant with (ideally) a lower Tg than traditional 
benzoxazine resins. However, considering the structure of the COLBERT product shown 
in Scheme 9, the generic R group can be feasibly replaced by a reacti ve functional group 
via the initiaJ synthesis of the benzoxazine monomer. From this point, the COLBERT 
product can be utilized as a reactive monomer in a subsequent polymerization. 
Conclusions 
Photopolymerization of thiol-alkene systems has been known for over a century. 
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The thiol-alkene reaction is oxygen-tolerant, produces polymers that are homogeneous 
and do not gel until late in the reaction. All of these attributes make thiol-alkene 
polymerizations favorable compared to acrylate photopolymerizations. However, 
drawbacks such as low Tg and low thermal stability limit the use of thiol-alkene polymer 
networks in high-temperature applications. To remedy this problem, various systems 
incorporating thiol-alkene polymerization have been developed, including hybrid 
networks such as thiol-alkenes/thiol-epoxies and thiol-alkenes/benzoxazines. Also, thiol-
norbornenes, thiourethanes and thiol-alkynes have been shown to achieve higher T gS than 
traditional thiol-alkene systems. 
Thiol-alkyne polymerization is mechanistically similar to thiol-alkene 
polymerization except for stoichiometry, where two thiol groups are needed to react 
completely with one alkyne functional group. The properties associated with thiol-alkyne 
networks are similar to those for thiol-alkenes except for T g which has been reported to 
be as high as 60 °C in some cases. 
Benzoxazines have garnered interest in the polymer community lately due to their 
favorable properties in the heat-cured polymers, including high Tg, high thermal stability, 
low water uptake, and electrical insulation. Drawbacks of polybenzoxazines include a Tg 
that is often too high for practical applications and brittleness. Attempts at functionalizing 
benzoxazines or combining them with other systems have been documented to mitigate 
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the e problems. While heat-curing of benzoxazine monomers yields the most attractive 
properties, acids and thiols have also been used to ring-open benzoxazines. Thiol-induced 
ROP of benzoxazines (i.e. the COLBERT reaction) allows for facile synthesis of complex 
and large multifunctional monomers, owing to the modular nature of the benzoxazine. 
I. 
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CHAPTERll 
RATIONALE AND OBJECTIVES 
Rationale 
24 
Thiol-alkene and thiol-alkyne polymer networks are ideal candidates for a broad 
range of applications due to their simplistic nature of synthesis. Using a multifunctional 
thiol, multifunctional alkene or alkyne and a suitable photoinitiator, a homogeneous 
crosslinked network can be formed with rapid kinetics. Both types of networks are 
uperficially similar, as discussed in Chapter I, however, due to the requirement of two 
thiol functional groups per one alkyne functional group in the thiol-alkyne reactions, the 
glass transition temperatures are generally higher for thiol-alkyne networks, while the 
network properties are broader in nature. Despite the attributes of thiol-alkene and thiol-
alkyne polymer networks, their glass transition temperatures are usually too low to 
realize high temperature applications, such as aerospace composites. Other inherent 
problems with these networks include generally poor toughness and low thermal stability. 
While there are exceptions to each drawback listed here, the majority of the thiol-based 
networks follow these trends. One way to alleviate these issues is to react a molecule into 
the network that, when polymerized, confers advantages such as high glass transition 
temperature and high thermal stability, to name a few examples. An ideal candidate for 
this type of molecule is a benzoxazine monomer. Polybenzoxazines are well-known for 
their high glass transition temperatures, high thermal stability, low water uptake and 
others as described in Chapter I. Benzoxazine molecules are also modular, as evidenced 
by the ability to synthesize these molecules with a wide array of structures and pendent 
functional groups, including alkenes and alkynes. Due to their ability to initiate 
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polymerization under heat, one can form a thiol-alkene or thiol-alkyne network with a 
functional benzoxazine and a multifunctional thiol, followed by heat-induced 
polymerization of the residual benzoxazine rings. Such a dual-cured network would result 
in properties that are generally intermediate, e.g. low-to-moderate glass transition 
temperature, without sacrificing the favorable properties of each individual network. 
In addition to using the benzoxazine for heat-induced ROP, one can also utilize 
the inherent reactivity of the benzoxazine, in essence, utilizing a benzoxazine as a 
functional group. This approach takes advantage of the chemical properties of the 
benzoxazine monomer, which have been largely ignored until very recently. By reacting 
a benzoxazine monomer with a multifunctional thiol, novel crosslinking agents with 
complex structures can be synthesized in a limited number of simple reactions. Use of 
these crosslinkers in a ternary thiol-alkene network would allow for modification of the 
properties of the network simply by varying the amount of benzoxazine-derived 
crosslinker. 
Both approaches to polymer network modification are shown in Scheme 10, 
where a benzoxazine monomer can be used to either create a dual-cure thiol-
alkyne/benzoxazine hybrid network or a ternary benzoxazine-influenced thiol-alkene 
network. 
n = 2,3,4 
Hl :. f ) > \. \ ) ~:: :.~ -- -··:...-~r-~J '-ft~ ~~ 
.. 
(B) Hybrid Throl-ynel (A) Thiol-yne 
BZO Network Network 
+ ~Ol 
~Nx 
X = alkene or alkyne 
Ternary BZO-influenced 
thiol-alkene network 
Scheme 10. Utilization of functional benzoxazines with thiols to create either hybrid 
thiol-alkynelbenzoxazine networks or ternary benzoxazine-influenced thiol-alkene 
networks. 
Objectives 
The primary objective of this research is to utilize benzoxazines in an effort to 
modify the properties of thiol-alkene and thio1-a1kyne networks. Benzoxazines are an 
ideal candidate in modification of network properties in that they (l) can be synthesized 
with almost any structure or pendent functional group, (2) possess the ability to undergo 
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heat-induced ROP, (3) can confer favorable properties to an existing polymer network by 
reacting into the polymer matrix via a pendent functional group and (4) react directly 
with thiols to yield reagents that can modify the properties of an existing thiol-"cJick" 
network. With these design parameters in mind, the objectives of this research are stated 
below: 
l. Synthesize benzoxazine monomers bearing pendent alkene and alkyne 
functional groups for thiol-"click" based chemistry; 
2. Utilize the ability of benzoxazines to undergo heat-induced ROP to enhance 
the properties of a thiol-alkyne network without sacrificing the favorable 
attributes of the individual polymer networks; and 
3. Exploit the reactivity of benzoxazines with thiols to synthesize 
multifunctional crosslinking reagents in order to adjust the properties of an 
existing thiol-alkene network. 
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CHAPTER III 
SYNTHESIS OF DUALLY-CURED CROSSLINKED POLYMER NETWORKS 
USING SEQUENTIAL THIOL-ALKYNE AND BENZOXAZINE REACTIONS 
Matthew J. Jungman, Jared S. Cobb, Jananee Narayanan and Derek L. Patton 
Abstract 
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An alkyne-functionalized benzoxazine monomer based on phenol and propargyl 
amine was synthesized for application in a dual-cure network. Thiol-alkyne reactions 
were performed on the monomer with either a difunctional, trifunctional or 
tetrafunctional thiol, and kinetics of the reactions were analyzed using real-time FTIR 
spectroscopy. DSC was also used to determine the ring-opening temperature for the 
benzoxazines after the thiol-alkyne reaction. Thermally-induced cationic ring-opening 
polymerization of the benzoxazine was then performed to yield crosslinked dual-cure 
network polymers that share properties of both polybenzoxazines and thiol-alkyne 
polymers. The networks were characterized using TGA and DMA. TGA showed similar 
initial degradation temperatures compared to the polybenzoxazine homopolymer, but the 
final char yields were significantly lower. Finally, DMA was used to determine the glass 
transition temperatures of the network polymers, which were significantly lower than 
literature-reported glass transition temperatures for neat polybenzoxazines. 
Introduction 
Benzoxazines and their corresponding homopolymers have emerged as a 
promising thermoset material within the last two decades. These polymeric resins have 
comparable or superior physical and thermal properties to other well-established 
polymers, such as epoxies, bismaleimides and cyanate ester resins.1 •2 The benzoxazine 
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monomer is synthesized via the Mannich condensation of phenolic and primary amine 
derivatives and (para)formaldehyde.3 The simplistic nature of synthesis and availability 
of the broad library of starting materials offer a wide scope in the molecular design of the 
benzoxazine monomers. Benzoxazines can undergo thermally activated ring-opening 
polymerization in the absence of a catalyst to afford a crosslinked polymer network 
consisting of a phenol and tertiary amine bridge as the repeating motif.4 Scheme 11 
shows the polymers that result when polymerizing a monofunctional and difunctional 
benzoxazine monomer. As a result, polybenzoxazines show several unique and 
advantageous properties such as high glass transition temperatures, low shrinkage upon 
curing, high thermal stability, flame resistance and low water absorption. Despite these 
attributes, polybenzoxazines suffer from several drawbacks including poor mechanical 
properties and poor processability, especially into thin films or coatings. Benzoxazine 
monomers themselves are often present as a so-called brick dust powder. To address 
these issues, benzoxazines have been incorporated into polymeric precursors as pendent 
moieties via thermal and photochemical polymerization of benzoxazine pendant 
monomers. Relevant examples include allyl,5·7 acetylene,8 propargyl ether,9 nitrile, 10 
maleimide 11 - 14 and methacrylate15· 16 functionalities. Benzoxazines have also been utilized 
as linear main-chain deri vatives via Pt-catalyzed hydrosilylation,6· 17 Sonagashira 
coupling18 and copper-catalyzed azide-alkyne reactions.8•19 However, the incorporation of 
benzoxazines into sequentially addressable multicomponent networks has been scarcely 
reported. Recently, Lu et al. reported interpenetrating polyacrylate/polybenzoxazine 
networks (IPNs) that could be sequentially cured by photopolymerization of a 
multifunctional acrylate and thermal polymerization of a difu nctional benzoxazine? 0 
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While no mechanical properties were reported, the authors showed the ability to tailor 
both thermal and surface properties of the IPNs. More relevant to the research described 
in the current work, Beyazkilic et al. reported the synthesis of benzoxazine precursor 
polymers using simultaneous radical-mediated thiol-alkene photopolymerization and 
thiol-mediated benzoxazine ring-opening reactions.21 The original effort was to prepare 
linear main-chain benzoxazine precursors from a difunctional allyl-bearing benzoxazine 
and a difunctional thiol. Instead of a linear polymer, Beyazkilic found the polymers were 
crosslinked, due to the occurrence of competing thiol-alkene and thiol-benzoxazine 
reactions. The authors also noted that these materials could still undergo additional 
thermally-activated polymerization via residual unopened benzoxazines. The reaction of 
benzoxazines with thiols was recently elucidated as the COLBERT reaction (Catalytic 
Opening of Lateral Benzoxazine Rings by Thiols) by Gorodisher and coworkers towards 
materials with potential adhesive applications? 2 
heat._ 
heat 
... 
w~~ YR 
Scheme 11. Heat-activated ROP of a monofunctional and difunctional benzoxazine, 
resulting in crosslinked networks. 
Similar to the work reported by Beyazkilic et al. ,2 1 the recent publication by 
Narayanan et al. utilized a difunctional allyl-bearing benzoxazine monomer and a 
tetrafunctional thiol in a deliberate effort to establish a dual-cure network.23 While the 
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COLBERT reaction still competed with the thiol-alkene reaction, the authors were able to 
show essentially the same type of results as Beyazkilic. The crosslinked thiol-alkene 
precursors could still undergo thermally-activated polymerization owing to the residual 
benzoxazines within the network. 
Another method of polymerization which utilizes thiol-alkyne radical-mediated 
photopolymerizations, gives a facile synthesis for polymers that show a range of physical 
properties, similar to benzoxazines. Recent examples of the versatility of thiol-alkyne 
reactions have been reported by Chan,24 Antoni25 and Lowe.26 Similar to thiol-alkene 
networks, thiol-alkyne polymers are appealing due to several characteristics including, 
late gelation, low shrinkage, oxygen tolerance and homogeneity in mechanical properties. 
All of these properties are a result of the radical-mediated step-growth polymerization 
mechanism. The inherent flexibility of the thioether linkages in most thiol-alkyne 
networks yields a low glass transition temperature, although there have been examples of 
thiol-alkyne networks reaching a Tg of approximately 60 oc on account of high 
functionality of both the alkyne and thiol monomers.Z4 However, when compared to 
polybenzoxazines, which can show Tgs in excess of 200 °C,8·27-30 thiol-alkyne (and by 
extension, thiol-alkene) polymers seem to be an ideal candidate for reducing the glass 
transition temperatures of polybenzoxazine networks without sacrificing their attributes 
listed above. 
By combining benzoxazine and thiol-alkyne curing methods, one could expect the 
system to yield a moderate-Tg polymer network that retains the physical properties of 
benzoxazine networks, such as thermal stability and low shrinkage upon polymerization. 
The variable functionality of the thiol molecule gives additional control over the resulting 
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network properties. A simplified diagram of the ideal dual-cure network using sequential 
thiol-alkyne and benzoxazine polymerizations is shown in Scheme 12. In this study, the 
effect of the functionality of the thiol is studied in relation to the thermal and physical 
properties of the dual-cure network polymers. Due to the large amount of carbon-carbon 
single bonds in the thiols, the Tgs of the dual-cure networks is reduced to a range of 
approximately 25 oc to 70 oc. Additionally, the thermal stability of the polymers is 
reduced due to the introduction of carbon-carbon single bonds from the thiols. 
(B) Hybrid Thiol-yne/ 
BZO Network 
(A) Thiol-yne 
Network 
Scheme 12. Ideal synthesis of dual-cure network using sequential thiol-alkyne and 
benzoxazine reactions. 
Experimental 
Materials 
2,2-dimethoxy-2-phenyl acetophenone (DMPA), propargylamine, basic alumina 
powder and deuterated chloroform were obtained from Aldrich Chemical. Phenol was 
obtained from Baker Chemical. Glycol di(3-mercaptopropionate), trimethylolpropane 
tri(3-mercaptopropionate) and pentaerythritol tetra(3-mercaptopropionate) (GDMP, 
TMPMP and PETMP, respectively) were obtained from Bruno Bock. Sodium hydroxide, 
chloroform and diethyl ether were obtained from Fisher Scientific. All chemicals were 
used as received with no further purification. 
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Synthesis of Alkyne-Functional Benzoxazine (P-pa) 
To a 250-mL round-bottomed flask equipped with a stir bar and condensing 
column were added phenol (5.4 g, 57.4 mmol), propargylarnine (3.7 mL, 57.4 mmol), 
paraformaldehyde (3.5 g, 115 mmol) and 60 mL xylenes. The mixture was stirred at 
110°C for 20 minutes, during which time all reactants dissolved, water was observed 
forming on the fl ask walls, and the solution turned yellow. After stirring, the solution was 
cooled to room temperature and stirred over basic alumina powder for 10 minutes. The 
mixture was then filtered and placed into another 250-mL round-bottomed flask equipped 
with a stir bar and condensing column. 0 .5 g basic alumina powder and 0.5 g 
paraformaldehyde were added to the flask, and the mixture was stirred for 20 minutes 
ll0°C. The mixture was then cooled, filtered and the solution was diluted with diethyl 
ether and extracted three times with 1 N sodium hydroxide, followed by two washes with 
deionized water. The organic phase was dried over magnesium sulfate, filtered and the 
solvent was removed to yield a yellow liquid. The resulting product was confirmed using 
1H NMR, 13C NMR and FfiR spectroscopy. Yield was 6.1 g (61 %). 1H NMR (CDC[j, 
ppm): 7. 13-6.78 (m, 4H, aromatic), 4.92 (s, 2H, O-CH2-N), 4.11 (s, 2H, Ar-CH2-N), 3.59 
(s, 2H, N-CH2-C), 2.30 (s, 1H, C=CH) 13C NMR (CDC[j, ppm): 40.8, 49.6, 72.8, 79.8, 
81.4, 116.5, 1 19.4, 120.9, 127.6, 127.9, 1 53.8. 
Synthesis of Dual-Cure Network Polymers 
To a 25-mL scintillation vial covered in aluminum foil were added 0.4 g 
benzoxazine monomer, 0.4 mL chloroform, a stoichiometric amount of multifunctional 
thiol (with respect to the alkyne functional group) and 1 mg 2,2-dimethoxy-2-phenyl 
acetophenone (DMPA) as a photoinitiator. The contents were mixed using a vortex mixer 
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until homogenous. The mixture was then transferred to a DMA bar mold with dimensions 
2.5" x 0.25" x 0.05", filling three wells. The bars were then cured under UV light (A. = 
365 nm) for 40 minutes using a medium-pressure mercury lamp with intensity of 20 
mW/cm2, turning a slightly darker yellow after UV curing. The GDMP system remained 
a viscous yellow liquid, while the TMPMP and PETMP systems solidified during UV 
curing. The bars were then transferred to a vacuum oven and degassed at 40 oc overnight 
by pulling vacuum. After degassing, a small portion of the UV -cured polymer was 
removed for DSC analysis. The bars were then heated to 140 oc in an air-circulating oven 
and held at that temperature for two hours. The bars were then removed from the DMA 
mold and placed on a glass sheet. The heat was increased to 180 oc for two hours, 200 °C 
for one hour and 220 oc for one hour. The bars, now a maroon color, were then cooled to 
room temperature. To prepare DMA samples, the bars were cut to the appropriate lengths 
using a razor blade. Any other parts of the samples were used for TGA analysis. 
Benzoxazine-Thiol Side Reaction 
Thiols undergo a nucleophilic addition to the benzoxazine ring, with or without 
photoinitiator. This reaction has been reported by Gorodisher,22 Beyazkilic2 1 and 
Narayanan.23 0 .25 g P-pa was combined with a slight excess of GDMP (with respect to 
the benzoxazine functional group) and 1 mL chloroform in a 25-mL scintillation vial 
equipped with a stir bar. The reaction was capped and sealed with Parafilm to minimize 
solvent loss and stirred for 48 hours at room temperature. The solvent was then removed, 
and the resulting product structure was determined using 1H NMR spectroscopy. 
Additionally, each real-time FfiR kinetic study was analyzed for the reduction in area of 
the peak at 937 em·' corresponding to the benzene-substituted oxazine out-of-plane bend. 
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Characterization 
1H and 13C NMR spectra were obtained using a Bruker 300 MHz NMR 
spectrometer with VNMR 6.1 software. All samples were dissolved in deuterated 
chloroform for NMR analysis. 1H spectra were run using 32 transients, while 13C spectra 
were run using 256 transients. NMR spectra were analyzed using NUTS software. (Real-
time) FfiR analysis was performed using a Nicolet Thermo Scientific infrared 
spectrometer equipped with an OmniCure Series 1000 UV liquid optical light guide 
(when applicable) and a MCT/A detector. Samples were spin-coated onto NaCl salt 
plates with dimensions 25 mm x 4 mm. All samples except for the pure benzoxazine 
monomer were dissolved in chloroform prior to spin coating. The intensity of the UV 
light was 40 mW/cm2• Kinetics analysis of thiol-alkyne reactions was performed at room 
temperature over a thirty-minute period, activating the UV light at 10 s. The frequency of 
data collection was l scan/s. Individual spectra for pre-cured, UV-cured and heat-cured 
resins were run using 64 scans. All spectra and series had a resolution of 4 cm-1• Data 
from (real-time) FfiR was analyzed using Microsoft Excel and plotted using Origin. 
Thermogravimetric analysis (TGA) was performed using a TA Instruments QlOO 
thermogravimetric analyzer and a ceramic pan. Samples were heated at 10 °C/min from 
40 octo 800 °C under a nitrogen flow rate of 40 mL/min. T5 and T 10, the temperatures at 
which 5% and 10% of the sample weight is lost due to degradation, respectively, and Yc, 
the char yield at 800 °C, were measured concurrently. Differential scanning calorimetry 
(DSC) was performed using a T A Instruments Q200 differential scanning calorimeter and 
TA hermetic aluminum pans. Samples were heated at 5 °C/rnin from 30 oc to 300 oc 
under a nitrogen flow rate of 40 rnUrnin. The onsets, peaks and heats of reaction of the 
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cure exotherms were measured. Dynamic mechanical analysis (DMA) was performed 
using a TA Instruments Q800 dynamic mechanical analyzer in tension film mode 
equipped with a gas cooling accessory. Samples were clamped at a torque of 2 in-lb, and 
the strain applied was 0.1 %. The samples were heated from -20 octo 100 oc at a ramp 
rate of 2 °Cimin. The glass transition temperatures for the polymers were determined by 
locating the peak of the tan delta curve. All thermomechanical tests were analyzed using 
TA Universal Analysis software and plotted using Origin. 
Figure 5 shows the structures of the photoinitiator (DMPA), alkyne-functionalized 
benzoxazine (P-pa) and the three multifunctional thiols used in this study (GDMP, 
TMPMP and PETMP). 
0 0 
\ I 
DMPA P-pa 
TMPMP 
0 
HS~O~O~SH 
0 
GDMP 
PETMP 
Figure 5. Structures of the phtoinitiator (DMPA), benzoxazine monomer (P-pa) and 
multifunctional thiols (GDMP, TMPMP, PETMP). 
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Results and Discussion 
Synthesis of P-pa 
While the benzoxazine monomer can be prepared using a solventless method,31 
purification by column chromatography is needed to remove any ring-opened oligomers. 
This purification step has been documented to significantly reduce the yield of viable 
benzoxazine monomer.23 An alternate synthetic strategy has been reported by Agag et 
at.32 and modified by Narayanan et a l.23 The synthesis was carried out in xylenes to 
minimize formation of ring-opened oligomers. Since xylenes is high-boiling and 
nonpolar, the solubility of the reactants is increased and separation from water as a 
byproduct is facilitated. Additionally, benzoxazine ring formation has been shown to be 
more efficient in a solvent with a lower dielectric constant.32 Regardless of the solvent or 
synthetic strategy, some oligomeric impurities will be present in the benzoxazine, 
necessitating removal. These impurities cannot be removed efficiently via basic washes 
due to their large organic content. Instead, basic alumina can be introduced, since it 
preferentially complexes with the phenolic compounds due to their mild acidity. 
The structure of the P-pa monomer was confirmed using 1 H and 13C NMR and 
FTIR spectroscopy. Figure 6 shows the 1H spectrum of the P-pa monomer (refer to the 
Experimental section of this chapter for the 13C NMR peak assignments). The peaks at 
4. 11 ppm and 4.9 J ppm in Figure 6 both correspond to the ring-closed benzoxazine, and 
the peak at 2.30 ppm corresponds to the terminal alkyne proton. Additionally, the FTIR 
spectrum (Figure 7) shows two strong peaks, one at 3296 cm-1 (terminal alkyne C-H 
stretch) and the other at 927 cm-1 (oxazine ring out-of-plane bend). 
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Figure 6. 1 H NMR spectrum of P-pa monomer. 
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Figure 7. FfiR spectrum of P-pa monomer. 
Photopolymerization Behavior ofThiol-Alkyne Systems. 
3 2 
1 
Scheme 13 shows the visual appearance of the dual-cure networks before UV 
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PPM 
curing, after UV curing and after heat curing. When UV -curing the sample, the viscosity 
increased significantly. The amount of increase in viscosity depended on the functionality 
of the thiol. For example, in the P-pa/GDMP system, the resulting UV cured sample was 
simply a viscous liquid, while the P-pa/PETMP system was a highly flexible solid. All 
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samples, however, showed visible darkening upon heat-induced ROP, resulting from the 
formation of phenols and quinones. 33 
Pre-cure 
uv 
light 
.. 
UV cure 
Heat 
.. 
Heat cure 
Scheme 13. Visual appearance of dual-cure network using P-pa and GDMP. From left, 
before UV curing, after UV curing and after heat curing. 
Thiol-alkyne photopolymerization behavior and kinetics of the three dual-cure 
systems were monitored using real-time FTIR spectroscopy (RT-FTIR). Formulated 
resins described above were spin-coated onto a NaCl salt plate with dimensions 25 mm x 
4 mm and irradiated with UV light (filtered 320-500 nm) with an intensity of 
approximately 40 mW/cm2 . Figure 8 shows overlays for all three dual-cure systems, 
demonstrating the change in functional groups before and after UV curing. 
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Figure 8. FfiR overlays of precure and post UV -cure of dual cure systems. From top: 
(A) P-pa/GDMP; (B) P-pa!fMPMP; (C) P-pa/PETMP. The vertical lines indicate the 
alkyne (3296 cm-1), thiol (2570 cm-1) and benzoxazine (937 cm-1) functional groups. 
40 
41 
When determining kinetics of curing, conversions were monitored using the -SH 
absorption peak at 2570 cm-1, while alkyne conversions were monitored using the 
terminal alkynyl proton absorption peak at 3296 cm-1• Conversion values were calculated 
as the change in peak area under the peaks related to the thiol and alkyne functional 
groups. Conversion vs. irradiation time plots for all dual-cure systems are shown in 
Figure 9. Under ambient conditions, high viscosity of the resin and rapid vitrification of 
the UV-cured films led to sluggish kinetics when compared to traditional thiol-alkyne 
systems24•34 and less-than-quantitative thiol and alkyne conversions. 
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Figure 9. Conversion plots for each formulation of P-palmultifunctional thiol with two 
equivalents of thiol functional groups. Functional groups analyzed were alkyne (o ), thiol 
( • ) and benzoxazine ( T ). 
Table 1 
Conversion values for each formulation of P-pa/multifunctional thiol as determined via 
RT-FTIR spectroscopy 
Alkyne conversion Thiol conversion BZO conversion 
Sample (%) (%) (%) 
P-pa!GDMP 35 65 62 
P-pa!TMPMP 40 59 79 
P-pa!PETMP 45 59 47 
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Examination of Table 1 and Figure 9 shows that the thiol-alkyne reaction does not 
proceed in 2: 1 stoichiometry as expected, and as established in literature?4•34 For 
example, an increase of approximately 15% thiol conversion in the P-pa!PETMP system 
was found after 30 minutes. Both the P-pa!GDMP and P-pa!TMPMP systems showed 
similar increases in thiol conversions. It can be seen in Figure 8 that the benzoxazine ring 
at 937 em-' also decreases in peak area during the thiol-alkyne reaction. Narayanan and 
coworkers have shown that PETMP and a difunctional, aniline-bearing benzoxazine will 
react with each other in a 1: 1 correspondence.23 It should be noted that Jin and coworkers 
have demonstrated that exposing benzoxazine-containing molecules to UV light results in 
minimal ring-opening of the benzoxazine functional groups. 15 Nevertheless, the UV-
induced ROP of benzoxazines adds slightly to the observed conversion shown in Figure 
9. Narayanan and coworkers have shown that a nonfunctional benzoxazine (i.e. aniline-
substituted) reacts with thiols in largely the same way as shown in Scheme 14.23 The 
recent work of Gorodisher and coworkers describes the catalytic ring-opening of lateral 
benzoxazine rings by thiols (dubbed the COLBERT reaction) and has shown that thiols 
will readily react with benzoxazine rings? 2 The mechanism proceeds either 
predominantly or exclusively through the nitrogen atom, and has been shown 
2 1-23 
elsewhere. 
0 
HS~O~O~SH 
0 
J 48 hr 
' 2s·c 
~ O HO~ CCN/'-..S~O~O~S"-/N~ OH O ~ 
Scheme 14. Nucleophilic addition of GDMP to P-pa. 
Our model study confirms the presence of the COLBERT reaction during 
photopolymerization, supporting the work of Gorodisher? 2 A chloroform solution 
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containing P-pa and GDMP with no photoinitiator was stirred at room temperature for 48 
h. The solvent was then evaporated and the product characterized via 1H NMR 
spectroscopy, shown in Figure 10. The two characteristic oxazine peaks at 4.11 ppm and 
4.91 ppm (see Figure 6 for the original P-pa 1H NMR spectrum) have disappeared, while 
the alkyne peak at 2.32 ppm remains unchanged. Following the reaction, two new peaks 
are observed at 3.9 1 ppm and 3.96 ppm, both corresponding to the Mannich bridge of the 
ring-opened benzoxazine. 
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Figure 10. 1H NMR spectrum of P-pa and GDMP adduct. 
The COLBERT reaction was also examined via RT -FfiR to provide kinetic proof 
of competing reactions. This kinetics plot is shown in Figure 11. Specifically, three 
equivalents of thiol functional groups were added to account for the extra functionality 
provided by the benzoxazine ring in the P-pa monomer. While the benzoxazine 
conversion increased over a thirty-minute period, the conversions for thiol and alkyne 
matched, indicating that the COLBERT reaction does indeed compete with the thiol-
alkyne reaction. 
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Figure 11. Conversion plots for each formulation of P-pa/multifunctional thiol with three 
equivalents of thiol functional groups. Functional groups analyzed were alkyne (o), thiol 
( • ) and benzoxazine ( 'Y ). 
Thermally-Induced Polymerization of P-pa!Thiol Networks. 
The thermally-activated polymerization behavior of the UV cured resins was 
investigated by FTIR spectroscopy after stepwise heating in an air-circulating at 180 oc 
for 2 h, 200 oc for 2 hand 220 oc for 1 h. Additionally, DSC samples were prepared 
from the UV -cured resins and polymerized using the same schedule. Figure 12 shows 
FTIR overlays for each of the dual-cure networks at various stages of heating. The 
benzoxazine peak at 937 cm-1 disappears after heating at 180 °C, but further 
polymerization at increased temperatures is indicated by the appearance of a broad peak 
centered at 3356 cm-1, which corresponds to phenols. 
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Figure 12. FfiR overlays of dual cure systems before and after heat-induced ROP. From 
top: (A) P-pa/GDMP; (B) P-paffMPMP; (C) P-pa!PETMP. The vertical lines indicate 
alkynes (3296 cm-1) and benzoxazines (937 em- ). 
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Complementary to the FfiR study, DSC analysis was also used to study the 
thermal polymerization behavior of the P-pa/thiol resins. DSC samples were prepared in 
aluminum hermetic pans and the tests were run from 30 oc to 300 oc at 5 °Cimin. For 
each step in the heating schedule, the samples were prepared and cured in an oven prior 
to running DSC. Figure 13 shows a comparison between the heat-induced polymerization 
behavior of the P-pa monomer and the UV cured P-pa/thiol resins. The onsets and peaks 
decrease slightly upon UV curing, but the heat of reaction decreases significantly from 
1 160 Jig to at most 584.5 Jig after introduction of the thiols. This observation can be 
attributed to a combination of two factors. First, the UV-cured resins possess a lower 
weight percent of benzoxazine rings. This behavior has been documented by Baranek35 
and Allen.33 Second, and more prominently, the COLBERT reaction consumes a 
significant fraction of the benzoxazine rings during UV curing. 
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Figure 13. DSC traces of neat P-pa and UV cured P-pa/multifunctional thiol networks. 
The networks made using thermally-induced ROP were also investigated using 
DSC. Observation of the presence or absence of the residual benzoxazine ring-opening 
exotherm helped to determine the optimal cure schedule for the dual-cure networks. At 
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220 oc, the exotherm was completely absent from all of the resins, therefore leading us to 
set this temperature as our maximum cure temperature. Figure 14 shows the DSC traces 
for the heating schedule of the dual-cure networks. As can be seen from the figure, the 
exotherms largely disappear after curing at 180 °C, and are completely gone after heating 
at 220 oc. Due to the lack of an exotherm at 220 °C, all heat-induced polymerizations 
had a maximum temperature of 220 oc. 
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Figure 14. DSC overlays of each stage in the heat-curing schedule for the dual-cure 
networks. From top, (A) P-pa/GDMP; (B) P-pa!TMPMP; (C) P-pa/PETMP. 
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TGA 
Thermal stability of the dual-cure networks was investigated using TGA. Samples 
were heated from 40 octo 800 oc in a thermogravimetric analyzer using a ceramic pan, 
due to the presence of sulfur within the samples. Figure 15 shows the TGA and derivative 
weight Joss traces for each dual-cure network. The data are also summarized in Table 2. 
All T 10 values are near 300 °C, which is lower than that of a neat polybenzoxazine 
(AraJdite® MT-35600, available through Huntsman Chemical) which has already been 
characterized.Z3 In a neat polybenzoxazine, the high aromatic content prevents thermal 
decomposition during the early stages of degradation. However, in our systems, the 
aromatic content is decreased due to the introduction of aliphatic-based thiols, which 
reduces the thermal stability of the networks. Also, owing to the aliphatic thiols, the char 
yields of the dual cure resins are decreased to approximately 25%, whereas the 
commerciaJiy available polybenzoxazine shows a char yield of 38%. More relevant to our 
research here, Narayanan has shown that a dual-cure thiol-aJkene difunctional 
benzoxazine with aJlyl functionality attains a char yield of 31%,23 which is an increase in 
thermal stability compared to the systems studied here. The fact that the benzoxazine 
monomers have different functionalities indicates that crosslink density plays an 
important role in thermal stability of dual-cure network polymers. 
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Figure 15. TGA traces (top) and derivati ve traces (bottom) of the dual-cure networks. 
DMA 
Thermomechanical transitions of the dual-cure networks were determined using 
dynamic mechanical analysis in film tension mode. Samples were heated from -20 °C to 
100 oc at a ramp rate of 2 °C/min, oscillating at a frequency of 1 Hz. The storage 
modulus (E') and loss modulus (E") were obtained from DMA tests, and the ratio E"/E' 
of the two moduli gives the tan 8, a damping term, which relates energy dissipation 
relative to energy stored in a material upon oscillatory deformation. The Tgs of the dual-
cure networks were determined by locating the peak maximum of the tan 8 curve. The tan 
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8 and storage modulus traces are shown in Figure 15, and the numerical values for the Tgs 
are summarized in Table 2. These T gS are unremarkable compared to thiol-alkene/thiol-
alkyne networks, as there have been several examples documented with relatively high 
Tgs. For instance, traditional thiol-alkyne networks have shown Tgs of approximately 60 
°C,24 while thiol-norbornenes have shown Tgs of approximately 80 °C.36 However, 
compared to polybenzoxazines, these values represent a significant reduction in Tg 
without completely sacrificing the favorable properties of polybenzoxazines, as discussed 
in the introduction. Only a handful of neat polybenzoxazines have been reported as 
having a Tg below 100 oc- a property that may prove beneficial for certain 
applications. 35·37 
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Figure 16. DMA traces of dual-cure networks; storage modulus traces (top), Joss 
modulus traces (middle) and tan delta traces (bottom). 
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The homogeneity of a polymer can be qualitatively determined by observing the 
width of the tan o peak at half maximum (FWHM). For most thiol-alkene/thiol-alkyne 
systems, the tan o peaks are narrow, indicating a homogeneous network. However, in this 
case the tan o peaks are very broad, especially for the P-pa/GDMP and P-pa!TMPMP 
networks. A FWHM value of the P-pa!GDMP and P-pa/TMPMP samples could not be 
obtained due to breakage at approximately 110 °C. This behavior indicates that the 
polymer networks here are significantly more heterogeneous, which is not surprising, 
owing to the COLBERT reaction interfering with the thiol-alkyne reaction. Exa.mination 
of both the loss modulus and tan o traces indicates that the polymers generally have a 
loose network structure, indicated by the strain overshoot and near-constant tan o values, 
respectively. When heating past the Tg, the polymer chains can slide past each other upon 
deformation and will cause the sample to break. Also, as expected, the P-pa/PETMP 
network appears to have the highest crosslink density of the three networks studied. This 
observation should also not be surprising, as PETMP has the highest functionality of the 
three multifunctional thiols used in this study. However, it should be noted that a rigorous 
application of the theory of rubber elasticity38 cannot be used here, as the polymers do not 
reach a viable rubbery plateau at Tg + 40 °C. Therefore, only comparative assessments 
can be made in this study. 
Table 2 
TGA and DMA analysis of P-pa/multifunctionalthiol networks. 
Sample Ts (°C)a T1 o (°C)a Yc (%)b Tg (°C) 
P-pa/GDMP 265 283 25.7 26.2 
P-pa!TMPMP 285 307 27.9 44.3 
P-pa!PETMP 289 306 22.9 67.8 
"T x =temperature at which X% weight loss occurs; bChar yield measured at soo•c 
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A best-fit line can be applied to the Tgs obtained for the dual-cure network 
polymers. This plot is shown in Figure 17. Using linear regression, it was determined that 
the R2 value for the fit was 0.9945, which is close to 1, implying a near-perfect fit. This 
trend indicates that the dual-cure networks can be tailored to meet different needs in end-
use applications based entirely on the functionality of the thiol molecule. Further 
investigation is warranted for other similar systems, such as the use of a multifunctional 
benzoxazine, expanding this trend into thiol-alkene/benzoxazine dual-cure networks or 
utilizing combinations of multifunctional thiols to achieve an average thiol functionality. 
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Figure 17. Linear fit of Tg values vs. functionality of thiol for dual-cure networks. 
Conclusions 
A propargyl-functionalized benzoxazine monomer based on phenol was 
successfully synthesized. Dual-cure networks made from these monomers and 
multifunctional thiols via thiol-alkyne reactions and heat curing of benzoxazines resulted 
in crosslinked polymer networks possessing properties that are intermediate of both 
systems, such as glass transition temperatures between 25 oc and 70 oc and intermediate 
char yields. The thiol-benzoxazine side reaction was also characterized via real-time 
FTIR and the kinetics of the reaction were determined to compete with the thiol-alkyne 
reaction. 
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CHAPTER IV 
TERNARY THIOL-ALKENE NETWORKS BASED ON THE THIOL-
BENZOXAZINE REACTION 
Matthew J. Jungman, Jared S. Cobb, Derek L. Patton 
Abstract 
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The synthesis and subsequent thiol-alkene polymerization of a tetrafunctional 
alkene monomer based on a thioJ-benzoxazine reaction is reported. An allyl-functional 
benzoxazine was reacted with pentaerythritol tetra(3-mercaptopropionate) (PETMP) to 
form a tetrafunctional alkene monomer (PETMP-4ene) with pendent phenols. The effect 
of the PETMP-4ene monomer concentration on the thermomechanical properties, tensile 
properties and thermal stability of a ternary thiol-alkene system consisting of PETMP and 
triallyl isocyanurate (TTT) was evaluated using DMA, tensile testing and TGA, 
respectively. Photopolymerization kinetics were monitored using real-time FfiR. 
Increasing the loading concentration of PETMP-4ene Jed to a systematic decrease in glass 
transition temperatures, a decrease in initial thermal stability, an increase in char yield 
and an increase in toughness. These observations are discussed in terms of crosslink 
density and functional group conversions. 
Introduction 
Thiol-alkene networks have been studied extensively by Hoyle,1-4 Bowman5•6 and 
Hawker,7 among others. The attractiveness of thioJ-alkenes is due in part to their ability 
to undergo polymerization in the presence of UV light with a suitable photoinitiator. 
Considering the wide library of available thiols and aJkenes, the possibilities for the 
resulting networks have broad applications in scope. Judicious choice of thiol and alkene 
monomers allows for precise control over physical, thermal , mechanical and optical 
properties of thiol-alkene networks. Examples of applications reported in the literature 
include dental materials,8 antifouling coatings,9 stimuli-responsive materials6 and gas 
barrier applications.10 In addition, thiol-alkene networks show late gelation, low 
shrinkage upon curing, oxygen tolerance and homogeneity throughout the network 
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tructure. All of these attributes are results of the radical-mediated step-growth 
polymerization mechanism? Despite the favorable attributes of thiol-alkene 
photopolymerizations, most thiol-alkene polymers show a low Tg and low thermal 
tability. Attempts at raising the Tg have been successfully reported, as examples of thiol-
norbornenes11 and thiourethanes 12 show significantly higher Tgs (approximately 80 °C 
and 100 °C, respectively). Thermal stability of thiol-ene networks has been addressed by 
creating hybrid thiol-alkene networks. Examples include thiol-alkene/thiol-epoxy 
networks13 as well as hybrid inorganic/organic thiol-alkene networks. 14•15 Besides hybrid 
networks, monomer design can also increase thermal stability, as aromatic rings have 
been introduced into the network structure with similar results. 16 
Benzoxazines and their corresponding homopolymers have attracted significant 
attention in recent years. 17•18 Their ability to undergo thermally-induced cationic ring-
opening polymerization into a thermosetting resin has been investigated by several 
researchers including Ishida, 19•20 Yagci2 1 and Takeichi22 among others. Additionally, the 
modularity of benzoxazines reflects their simplistic design and synthesis- only a phenol, 
formaldehyde and a primary amine are required for synthesis. Several commercially 
available functional amines (and phenols) allow for designs of benzoxazines that can be 
tailored for additional chemistry beyond simply heat curing. For example, syntheses of 
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benzoxazines bearing functional groups such as allyl, propargyl or furfuryl groups have 
d . . . b 'l' . h h' 1 23 'd lk 1425 been documente , g1vmg n se to capa 1 It1es sue as t 10 -ene, az1 e-a yne- · or 
Diels-Alder26 chemistry, respectively. In addition to heat-curing and introducing 
functionality, the benzoxazine ring itself also shows interesting chemical properties. In 
1999, Wang and Ishida demonstrated that benzoxazine monomers will homopolymerize 
under cationic (i.e. strongly acidic) conditions.27 These conditions have the added effect 
of reducing or eliminating the need for heat curing. Most recently, Gorodisher,28 
Narayanan29 and Beyazkilic23 have demonstrated that benzoxazines will ring-open in the 
presence of thiols. Narayanan29 and Beyazkilic23 have independently reported that the 
thiol-benzoxazine reaction will compete with UV-curing of thiol-alkene networks. When 
the residual benzoxazine functional groups are heat-cured, the network has a broad T8 
due to the competing reactions, but thermal stability is still comparable to neat 
polybenzoxazines. On the other hand, Gorodisher has shown that the thiol-benzoxazine 
reaction (dubbed the COLBERT reaction for Catalytic Opening of Lateral Benzoxazine 
Rings by Thiols) can be used to form alternating step-growth copolymers? 8 Since the rate 
of ring-opening seems to follow classical step-growth polymerization kinetics,30 
Gorodisher has noted that a weak acid (e.g. acetic acid) will enhance the kinetics of the 
COLBERT reaction, and hence, the kinetics of polymerization. One of the intriguing 
aspects of the COLBERT reaction is the ability to form complex molecular structures 
using at most two reactions: benzoxazine synthesis and the COLBERT addition. A 
schematic diagram of the reaction is shown in Scheme 15. The resulting product structure 
contains phenols from the ring-opened benzoxazines and potentially functional groups 
(represented as an "R" group on the benzoxazine) from the benzoxazine that can 
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participate in polymerization after the COLBERT reaction. Crosslinking agents, 
therefore, can easily be formed using a tri-or tetrafunctional thiol with a monofunctional 
benzoxazine. 
Acetic acid (cat.) 
,... 
Scheme 15. COLBERT reaction with generic benzoxazine and thiol. 
The COLBERT reaction is of particular interest in the present study. To our 
knowledge, there has not been a report in the chemical literature that deliberately utilizes 
the COLBERT reaction for a polymer application, save for the step-growth 
copolymerization discussed previously. Herein, we report the synthesis of an allyl-
functional benzoxazine, the COLBERT reaction to form a tetrafunctional alkene 
monomer and its subsequent introduction using different loading percentages into a 
ternary UV -curable thiol-alkene network. Scheme 16 shows a diagram of the intended 
ternary thiol-alkene networks. Based on the discrepancy between alkene monomer sizes, 
where one alkene is small and rigid and the COLBERT alkene monomer is large and 
flexible, we should expect that different loading percentages of the COLBERT monomer 
would result in significantly different thermal and physical properties, thereby creating a 
series of UV -cured thiol-alkene networks with a wide range of properties. 
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Scheme 16. Diagram of ternary thiol-alkene networks consisting of a multifunctional thiol 
and two different multifunctional alkenes. 
Experimental 
Materials 
All chemicals were purchased from their respective suppliers in the highest purity 
available and used as received. 2,2-dimethoxy-2-phenyl acetophenone (DMPA), 
allylamine, basic alumina powder, xylenes and l ,3 ,5-triallyl-1 ,3,5-triazine-
2,4,6( lH,3H,5H)-trione (TTT) were obtained from Aldrich. Phenol was obtained from 
Baker. Pentaerythritol tetra(3-mercaptopropionate) (PETMP) was obtained from Bruno 
Bock. Sodium hydroxide, chloroform, toluene, magnesium sulfate, methanol and diethyl 
ether were obtained from Fisher Scientific. Deuterated chloroform was obtained from 
Cambridge Isotope Laboratories. The structures of P-ala (the benzoxazine synthesized for 
study), TTT, PETMP and DMPA are shown in Figure 18. 
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Figure 18. Chemical structures of P-ala, TTT, PETMP and DMPA. 
Synthesis of Allyl-Functional Benzoxazine (P-ala) 
To a 250-mL round-bottomed flask equipped with a stirbar and condenser were 
added phenol (5.37 g, 57 mmol), paraformaldehyde (3.42 g, 114 mmol) and allylamjne 
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(4.27 mL, 57 mmol) in 60 mL xylenes. The mjxture was stirred at 110 oc for 20 mjnutes, 
during which time all reactants dissolved and water was observed formjng on the flask 
walls. The solution, now a pale yellow color, was cooled to room temperature and was 
added to a beaker with approximately 50 mL basic alumjna powder. The mjxture was 
stirred at room temperature for 15 mjnutes and then fi ltered. The solution was placed into 
another 250 mL round-bottomed flask equipped with a stir bar and condenser and stirred 
at 110 oc for 20 mjnutes with 0.5 g basic alumina and 0.5 g paraformaldehyde under 
nitrogen. The solution was then cooled to room temperature and diluted with diethyl 
ether. The organic phase was then washed three times with 2 N NaOH and three times 
With deionized water. The organic phase was dried over magnesium sulfate, fi ltered and 
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the solvent removed to yield a clear liquid as the product (4.92 g, 49.2% yield). The 
product's structure was confirmed via 1H NMR, 13C NMR and FfiR spectroscopy. 1 H 
NMR (ppm, CDC/3): 7.14-6.82 (m, 4H, aromatic), 5.92 (m, IH, CH2-CH=CH2), 5.22 
(m, 2H, CH-CH2), 4.90 (s, 2H, O-CH2-N), 4.01 (s, 2H, Ar-CH2-N), 3.40 (d, 2H, N-CH2-
CH). 13C NMR (ppm, CDC/3): 49.55, 54.45, 82.10, 116.41, 118.22, 120.05, 120.61, 
127.52, 127.65, 135.15, 154.22. 
Synthesis ofTetrafunctional Alkene Monomer (PETMP-4ene) 
To a 25-mL Schlenk tube equipped with a stirbar were added 5 mL toluene, 
PETMP (1 g, 1 equivalent), P-ala (1.64 g, 4 equivalents) and 5 drops of acetic acid as a 
catalyst. The reaction vessel was capped and stirred at 85 oc under nitrogen for 36 hours. 
After stirring, the solvent was evaporated to yield a highly viscous yellow liquid as the 
product (2.5 g, 94.7% yield). The product was characterized by 1H NMR, 13C NMR and 
FfiR spectroscopy. 1 H NMR (ppm, CDCL3): 7.18-6.81 (m, 16H, aromatic), 5.82 (m, 4H, 
CH2-CH=CH2), 5.24 (m, 8H, CH=CH2), 4.14 (s, 8H, C-CH2-0), 3.97 (s, 8H, Ar-CH2-N), 
3.87 (s, 8H, N-CH2-S), 3.24 (d, 8H, N-CH2-CH), 2.79 (t, 8H, C(O)-CHrCH2), 2.56 (t, 
8H, CH2-CH2-S). 13C NMR (ppm, CDCL3): 27.82, 34.93, 42.02, 54.78, 55.45, 57.09, 
62.20, 116.16, 116.37, 119.59, 120.21, 121.07, 129.11, 133.35, 157.49, 171.09. 
Synthesis of Thiol-Alkene Networks 
TTT/PETMP networks containing 0, 10, 25, 50 and 100 mol % of PETMP-4ene 
were synthesized maintaining a 1: 1 thiol:alkene functional group stoichiometry. TTT, 
PETMP-4ene and PETMP were placed into a 25-mL scintillation vial covered with 
aluminum foil. Approximately 3 mL chloroform was added to the vial to facilitate 
solvation. 1 mol % of DMPA, acting as a photoinitiator, was added to the vial. The 
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contents were rn.ixed until homogeneous. The sample was concentrated by evaporating 
the chloroform, and the vial was then sonicated for 5 rn.in to remove any trapped air. The 
solution was then casted into a DMA or tensile mold (dimensions are listed in the 
instrumentation section) which was coated with a release agent (Epoxease®). The 
samples were placed into a vacuum oven at 40 °C and degassed for approximately 5 
hours under vacuum. After degassing, the samples were placed under UV light for 45 
rn.inutes to cure. Upon removal from the mold, the samples containing 50 and 100 mol % 
PETMP-4ene were still tacky on the bottom. They were placed on a glass sheet bottom-
up and further cured for 5 minutes under UV light to remove the tackiness. The samples 
were then soaked in methanol for 10 minutes to remove any residual release agent and 
dried under vacuum at ambient temperature overnight. After drying the samples were 
tested for thermal and mechanical properties. The kinetics of curing were deterrn.ined 
using real-time FfiR. 
Instrumentation 
NMR spectroscopy was used to deterrn.ine the structures of P-ala and PETMP-
4ene. All NMR spectra were obtained using a Bruker Mercury Plus 200 MHz 
spectrometer operating at a frequency of 200.13 MHz with VNMR 6.1 C software. 
Samples were di ssolved in deuterated chloroform. 1H spectra were collected with 32 
transients and 13C spectra were collected with 256 transients. NMR spectra were analyzed 
using NUTS software. The ternary thiol-alkene samples were cured using a medium-
pressure mercury lamp operating at an intensity of 16 mW/cm2. Thermogravimetric 
analysis (TGA) was conducted using a TA Instruments Q500 thermogravimetric analyzer 
with a cerarn.ic pan. Samples were held isothermally at 40 oc for 5 rn.inutes and then 
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heated from 40 octo 800 oc in a nitrogen atmosphere at a ramp rate of 10 °C/minute. T5, 
the temperature at which 5% of the sample weight is lost due to degradation, and Y c. the 
char yield at 800 °C, were determined concurrently. Differential scanning calorimetry 
(DSC) was conducted using a T A Instruments Q200 differential scanning calorimeter 
with aluminum hermetic pans loaded with 5-8 mg of polymer. Samples were held 
isothermally at 30 oc for 5 minutes and then heated from 30 octo 300 oc in a nitrogen 
atmosphere at a ramp rate of 5 °C/minute. The onset, peak and energy output of 
exotherms relating to alkene homopolymerization and benzoxazine ring-opening (if 
applicable) were determined concurrently. Dynamic mechanical analysis (DMA) was 
conducted using aT A Instruments Q800 dynamic mechanical analyzer in film tension 
mode equipped with a gas cooling accessory. DMA samples with dimensions width x 
thickness (5.0 mm x 1.5 mm) were used during analysis. Samples were heated from 0 oc 
to 100 oc at a ramp rate of 2 °C/minute at a frequency of 1 Hz. The Tgs of the polymer 
samples were recorded from the peaks of the tan delta curves. Also, the full width at half-
maximum (FWHM) of the tan delta trace and the storage modulus value at T = Tg + 40 
oc were recorded. Crosslink densities of the polymer samples were calculated from the 
latter observation. All TGA and DMA data was analyzed using TA Universal Analysis 
software. Mechanical testing was performed using a MTS Insight™ material testing 
instrument equipped with a 10 kN load cell and preset to collect 10 data points per 
second. Prior to testing, samples were placed in the mechanical testing room for 1 h to 
equilibrate to the ambient temperature of 23 °C. Dog bone samples with dimensions 
length x width x thickness (20.5 mm x 3.5 mm x 1.5 mm) were centered in clamps then 
deformed in tensile mode at a strain rate of 0.2 in/min. Young' s modulus was recorded 
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from the initial linear elastic region of the stress-strain curve. Yield point (if applicable) 
was determined by locating the initial local maximum of the stress-strain plot. Strain at 
break was also determined concurrently during the tensile tests. All tensile samples were 
run in triplicate and data acquired was analyzed using Microsoft Excel. (Real-time) FfiR 
spectra were obtained using a Nicolet 8700 Thermo Scientific infrared spectrometer with 
a KBr beam splitter and an MCT/A detector. Samples were spin-coated onto NaCl salt 
plates (25 mm x 4 mm) for all analyses. The benzoxazine monomer (P-ala) was spin-
coated in the bulk, but all other samples were dissolved in chloroform to reduce the 
viscosity and carbonyl absorbance at approximately 1720 cm·1• When applicable, the 
spectrometer was equipped with an OmniCure Series 1000 Liquid Optic light guide with 
a 320-500 nm filtered UV light source with an intensity of approximately 15 mW/cm2 for 
curing kinetics analysis. Cure kinetics were studied over a 1 0-minute period, activating 
the UV light at 10 s. The scan rate applied was 1 Hz with a resolution of 4 cm·1• Data 
from FfiR was analyzed using Microsoft Excel. Fitting of data to best-fit curves was 
performed using the genfit function in Mathcad. All data was plotted using Origin. 
Results and Discussion 
Synthesis of P-ala 
While the benzoxazine monomer can be prepared using a solventless method,31 
purification by column chromatography is needed to remove any ring-opened oligomers. 
This purification step has been documented to significantly reduce the yield of viable 
benzoxazine monomer? 9 An alternate synthetic strategy has been reported by Agag32 and 
modified by Narayanan.29 The synthesis was carried out in xylenes to minimize 
formation of ring-opened oligomers. Since xylenes is high-boiling and nonpolar, the 
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solubility of the reactants is increased and separation from water as a byproduct is 
facilitated. Additionally, benzoxazine ring formation has been shown to be more efficient 
in a solvent with a lower dielectric constant. 32 Regardless of the solvent or synthetic 
strategy, some oligomeric impurities will be present in the benzoxazine, necessitating 
removal. These impurities cannot be removed efficiently via basic washes due to their 
large organic content. Instead, basic alumina can be introduced, since it complexes with 
the phenols solely due to their mild acidity. 
The 1H NMR spectrum of P-ala is shown in Figure 19. For 13C NMR spectrum 
assignments, refer to the Experimental section of thi s chapter. Peaks 2 and 3 are 
indicative of a ring-closed benzoxazine, and the allylic protons are also comprised of two 
signatures (peaks 4 and 5). The FTIR spectrum in Figure 20 shows a strong peak at 925 
cm-
1
, corresponding to the out-of-plane bend of the oxazine ring . 
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Figure 19. 1H NMR spectrum of P-ala. 
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Figure 20. FfiR spectrum of P-ala. 
Synthesis of PETMP-4ene 
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Originally, the synthesis of PETMP-4ene was attempted in the bulk (i.e. without 
solvent). However, it was found that the two reactants, P-ala and PETMP, were 
immiscible, thereby slowing the reaction significantly. Similar to the synthesis of P-ala, a 
high-boiling solvent was needed for the reaction temperature and solubility of the 
reactants and catalyst. To ensure the reaction proceeded at a reasonable rate, only 5 mL 
of toluene was added. 
Addition of acetic acid as a catalyst is helpful in accelerating the rate of ring-
opening of benzoxazines with thiols. Since the mechanism of the COLBERT reaction 
begins with protonation of the nitrogen atom, the catalyst has the effect of activating the 
benzoxazine ring without having to create a thiolate anion. Scheme 17 shows the 
COLBERT mechanism when catalyzed by a weak acid. A stronger acid (e.g. 
hydrochloric acid) has been shown to catalyze the homopolymerization of 
benzoxazines,27 and in this case will also hydrolyze the ester linkages found in the 
PETMP center. Gorodisher has shown that the time required to achieve approximately 
75% conversion of benzoxazine drops from 6 h to 1 h in the presence of acetic acid at 
room temperature?8 Heating the thiol and benzoxazine solution only accelerates the 
reaction further. It should be noted, however, that two side reactions are possible if 
excessive heating is employed. As is known widely, benzoxazine monomers will 
homopolymerize if heated above their cure temperature.22'2433 Also, terminal alkenes 
(such as those found in the PETMP-4ene monomer) have been shown to self-react at 
elevated temperatures .34'35 From what we have determined, 80 oc seems to be an ideal 
reaction temperature, as it is low enough to exclude benzoxazine and alkene 
homopolymerizations, yet still high enough to accelerate the COLBERT reaction. 
cc:H H I N....._,...S,R' I (±) 
R 
0:::1 , H ~-R 
Scheme 17. Mechanism of acid-catalyzed COLBERT reaction between a benzoxazine 
and thiol (adapted from Gorodisher et a/.).28 
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The 1H NMR spectrum of PETMP-4ene is shown in Figure 21. Upon examination 
of the 1 H spectrum, the peaks corresponding to the ring-closed benzoxazine at 4.01 and 
4.90 ppm have largely disappeared. A small amount of benzoxazine is left over and can 
be expressed as a percentage by integrating with respect to the central carbons in the 
PETMP structure, occurring at approximately 4.1 ppm. Since this section of the molecule 
is essentially inert, it can be set to a value of 8 and compared to other peaks for 
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integration. First, the residual benzoxazine rings can be integrated. When converted from 
a ratio to a percentage, the conversion of benzoxazine groups can be ascertained. 
According to the integrations, the benzoxazine peak at approximately 4.2 ppm had an 
intensity of 0.38. When converted to a percentage, this ratio indicates that over 95% of 
the benzoxazines have reacted to form the PETMP-4ene monomer. In addition to 
determining percent conversion of benzoxazines, the integration for the PETMP center 
can be compared to the allylic peak occurring at 5.8 ppm (singular allylic proton). 
Ideally, this multiplet should have a ratio of 1:2 with respect to the PETMP center since 
there are 4 allylic protons to 8 PETMP center protons. Upon integration, the allylic peak 
showed an intensity of 4.09. The FTIR spectrum (Figure 22) for PETMP-4ene shows a 
small residual benzoxazine peak at 925 cm-1• A broad OH stretch due to phenols is 
located at approximately 330 cm-1, indicating ring-opened benzoxazines. Due to the large 
number of carbonyl groups in the PETMP-4ene monomer, the C=O stretch occurring at 
approximately 1750 cm-1 is extremely pronounced compared to the rest of the spectrum. 
However, the medium-to-weak vinylic peak at 1641 cm-1 indicates the presence of 
terminal carbon-carbon double bonds. 
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Figure 21. 1H NMR spectrum of PETMP-4ene. 
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Figure 22. FfiR spectrum of PETMP-4ene. 
Photopolymerization ofTernary Thiol-Alkene Networks 
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Throughout this chapter, the formulations will be referred to by their alkene 
~ 
.. 
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contents without mention of the thiol, since the same thiol (PETMP) was used during the 
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study. Therefore, the abbreviations will be presented as TTTx1PETMP-4eney, where x and 
Yare the mole percentages of TTT and PETMP-4ene, respectively. 
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Ternary thiol-alkene networks based on TTT and PETMP were synthesized with 
O, 10, 25, 50 and 100 mol % of PETMP-4ene via photopolymerization. The effect of 
introducing a large monomer with pendent phenols into the polymer system on kinetics 
of polymerization and thermomechanical properties was investigated. IdeaJ!y, the 
monomer mixture could be casted in the bulk to avoid any complicating steps involving a 
solvent, but dissolution of DMPA and mixing of PETMP-4ene into the system proved to 
be extremely time-consuming without solvent. To facilitate solvation and flow of the 
mixture, a smaJJ amount of chloroform (approximately 3 mL) was added to the system 
during mixing, and the solvent was evaporated by blowing nitrogen over the sample 
before sonication and casting in the silicone molds described above. The molds and their 
contents were heated to 40 oc in the dark and degassed under vacuum for 5 h. Curing 
was performed under ambient conditions using a medium-pressure mercury lamp 
operating at an intensity of 16 mW/cm2 for 45 minutes. Two of the samples 
(TTT5o/PETMP-4ene50 and TTTo/PETMP-4ene100) were stiJJ tacky on the bottom, which 
resulted from unreacted functional groups. Attempting a longer cure time had no 
appreciable effect on fully curing the samples, as they were still tacky. Indeed, a longer 
cure time only contributed to degradation of the samples, which was indicated by 
discoloration and loss of thermomechanicaJ properties. There are potentially two reasons 
for this curing behavior at high concentrations of PETMP-4ene: either a signification 
fraction of the UV light is absorbed by the phenolic groups, or inhibition of the thiol-
alkene free-radical mechanism becomes prominent. We have observed the same effect 
when creating thin films between glass sheets; unless the samples are inverted prior to 
removal, they will still be tacky on one side. Regardless of the reason, the samples were 
placed bottom-up on a glass sheet and further cured under UV light for 5 minutes to 
achieve full polymerization. The samples were soaked in methanol for 10 minutes to 
remove any release agent and dried under vacuum at ambient temperature for 120 
minutes. A picture of the samples is shown in Figure 23. 
Figure 23. Visual appearance of the ternary thiol-aJkene networks. From left-to-right: 
TTT 1 oo/PETMP-4ene0 , TTT 9o/PETMP-4ene 1 o, TIT 75/PETMP-4ene25, 
TTT so/PETMP4ene50, ITT o/PETMP-4ene 1 oo. 
Photopolymerization Kinetics 
Compared to traditional thiol-alkene networks reported in the literature, 16·36 the 
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ternary COLBERT networks show slower kinetics and lower conversions. This behavior 
is due to the presence of phenols in the molecular structure, which are well-known for 
their inhibitory effects in free-radical polymerizations. Often, phenols require some type 
of protective chemistry to prevent them from participating in these polymerizations. 37 
However, there have been several examples of polymers with unprotected phenols in 
their structures synthesized via free-radical chemistry.16•38•39 One of the more pertinent 
examples to this work, involving polymerization of thiol-alkene networks in the presence 
of catechol groups, 16 was recently documented by our group. These polymerizations 
formed thiol-alkene networks with increased adhesion and T gS at slower kinetics and 
lower conversions than conventional thiol-alkene photopolymerizations. Figure 23 shows 
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the FTIR spectra for each of the ternary COLBERT formulations before UV curing. The 
two vertical lines indicate thiol (2570 cm-1) and alkene (1641 cm-1) functional groups in 
the monomer mixture. There are two other viable alkene peaks, one at approximately 
3100 cm·1 and the other near 900 cm·1• Both peaks occur near other signatures of the 
PETMP-4ene monomer, with 3100 cm·1 masked by the phenols and 900 cm·1 interfering 
with the residual benzoxazine peak at 935 cm· 1• For these two reasons, 1641 cm· 1 was 
chosen for kinetics analysis. Figure 24 shows the FTIR spectra of the ternary COLBERT 
networks after UV curing. 
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Figure 24. FfiR spectra of uncured TTT/PETMP-4ene resins. The dashed line at 2570 
cm-
1 indicates the position of the thiol peak and the dotted line at 1641 cm-1 indicates the 
position of the alkene peak. 
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Figure 25. FfiR spectra of UV cured TTT/PETMP-4ene polymer networks. The dashed 
line at 1672 cm-1 indicates the position of the amide I peak. 
RT-FfiR was used to follow the conversions of thiol and alkene functional 
groups during photopolymerization. The conversion plots are shown in Figure 26, and 
numerical values for conversions can be found in Table 3. Samples were spin-coated onto 
NaCI plates and exposed to UV light with intensity of 15 mW/cm2 for 10 minutes under a 
nitrogen atmosphere. Functional group conversions were measured using the decrease in 
peak area with respect to time for the alkene (1641 cm-1) and thiol (2570 cm- 1) moieties. 
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A large discrepancy between thiol and alkene conversions was observed for the 
TTT ofPETMP-4eneJOo system, in which the alkene shows a higher conversion than the 
thiol. Other formulations do show the same difference, but to a much lesser extent (see 
Table 3). Cramer has noted that TIT, the triallyl monomer used in this study, will self-
react under UV light.40 Since the PETMP-4ene has the same type of functionality, it 
stands to reason that our monomer will also self-react while UV curing. Overall, 
increasing the mole fraction of PETMP-4ene led to lower conversions and slightly slower 
kinetics, due to the inhibition by phenols. 
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Figure 26. RT-FfiR conversions of alkene (• , 1641 cm-1) and thiol (o, 2570 cm-1) 
functional groups during UV curing. Conversion data for TTT10o/PETMP-4ene0 (not 
shown) was obtained from Sparks et a/. 16 
DSC 
Differential scanning calorimetry (DSC) was used to compare the extents of the 
80 
thiol-alkene reactions for the ternary networks, complementing the kinetics study. Since 
the thiol-alkene reactions do not reach completion when the PETMP-4ene monomer is 
introduced (see Figure 26), residual alkene groups should be left in the polymer matrix. 
Thermal polymerization of N-ally! groups is known to occur at approximately 160 
°C,34·35 and therefore can be feasibly observed using DSC. The DSC traces are shown in 
Figure 27. Increasing the loading fraction of PETMP-4ene leads to an increase in heat 
output in allyl homopolymerization. This trend confirms what was seen in the kinetics 
study, where lower conversions of alkene groups were reached upon increase of the 
PETMP-4ene fraction. The onsets of the exotherms decrease from 161 oc for the 
TTT9o/PETMP-4ene10 system to 144 oc for the TTTo/PETMP-4ene100 system, indicating 
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that mobility of the alkene functional groups plays a role in the onset of 
homopolymerization; a higher loading percentage of PETMP-4ene results in more 
unreacted alkene groups which renders the system more mobile. It should also be noted 
that the formulations of TTT so/PETMP-4ene5o and TTT o/PETMP-4ene100 show a second 
exotherm beginning at approximately 225 oc and peaking at 245 oc. This exotherm was 
attributed to residual ring-closed benzoxazine molecules in the PETMP-4ene, which was 
only measurable in the DSC traces when the PETMP-4ene was at a high concentration. 
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Figure 27. DSC traces for the ternary thiol-alkene networks after UV curing. The 
exotherm occurring at approximately 95 oc is an artifact of the DSC instrument and does 
not interfere with the allyl/benzoxazine exotherms. 
Thermal Stability 
Thermogravimetric analysis (TGA) was used to characterize the thermal stability 
of the ternary thiol-alkene networks. Samples were subjected to a 10 °C/min ramp rate 
from 40 °C to 800 oc in a nitrogen atmosphere. Figure 28 shows the TGA traces and the 
derivative traces for the thiol-alkene networks. The thermal data are also summarized in 
Table 4. Increasing the mole fraction of PETMP-4ene leads to a lower T 5, shown in 
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Figure 28 (a). The Ts decreases from over 350 oc for the TTT100/PETMP-4ene0 system to 
approximately 200 °C for the TTT o/PETMP-4ene100 system. This behavior can be 
attributed to the lower conversions of thiol and alkene monomers upon 
photopolymerization. Unreacted functional groups have more modes of degradation, 
thereby leading to a lower initial thermal stability. The early degradation of unreacted 
functional groups can also be observed in the derivative TGA traces in Figure 28 (b) , 
where the derivative trace is nonzero for lower temperatures. Increasing the loading 
percentage of PETMP-4ene leads to a more bimodal degradation, indicating that there are 
two degradation processes occurring during the TGA tests. Observation of the TGA 
traces also supports a bimodal degradation profile, as the traces intersect at approximately 
400 oc. The char yields at 800 oc increase with increasing loading of PETMP-4ene, from 
6.40% for the TTT10o/PETMP-4ene0 system to 17.2% for the TTTo/PETMP-4eneiOo 
system. This observation can be explained by the presence of the aromatic rings within 
the polymer network from the PETMP-4ene monomer. However, when compared to 
heat-cured polybenzoxazines, both the T5 and Yc are lower for these networks. 
Narayanan and coworkers documented similar behavior when synthesizing dual-cure 
thiol-alkene/benzoxazine networks, where the final polymers had a lower thermal 
stability than a heat-cured benzoxazine.29 
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Figure 28. Thermogravimetric data: (a) TGA traces and (b) derivative traces of ternary 
thiol-alkene networks. 
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Table 3 
Conversion and TGA data for ternary thiol-alkene networks 
Alkene conversion Thiol conversion Ts Yc 
Sample (%) (%) (oC)a (%)b 
TTT 1 oo/PETMP-4ene0 33 95 95 352.5 6.40 
TTT 9ofPETMP-4enel 0 78 75 337.9 8.32 
TTT 7s/PETMP-4ene2s 73 70 308.8 10.6 
TTT 5o/PETMP-4ene5o 68 63 270.7 14.4 
TTT o/PETMP-4ene 1 oo 82 63 205.0 17.2 
'Temperature at which 5% of weight is lost; bChar yield at soo•c 
Glass Transitions and Crosslink Density 
Dynamic mechanical analysis was run on the ternary thiol-alkene samples to 
determine storage (E' ) and loss moduli (E") of the polymers as a function of temperature. 
The ratio E"/E' gives tan delta, a damping term, which relates energy dissipation relative 
to energy stored in the polymer upon oscillatory deformation. The T g of a polymer was 
determined by locating the temperature at which the peak of the tan delta curve occurs. 
The tan delta and storage modulus traces for the ternary thiol-alkene networks are shown 
in Figure 29 (a) and Figure 29 (b), respectively. For most thiol-alkene networks, the Tgs 
are fairly low, affording limited applications requiring high temperatures. This behavior 
is due to the flexible thioether linkages. The networks studied here have T gs ranging from 
24.5 oc for the TTTo/PETMP-4ene100 system to 67.5 oc for the TTT10o/PETMP-4eneo 
system, which is generally unremarkable compared to some examples in the existing 
literature.'' However, the wide range of attainable T gs simply by varying the loading 
percentage of PETMP-4ene allows for improved tailoring of the thiol-alkene networks to 
a particular application. The observed decrease in T g as the mole fraction of PETMP-4ene 
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is increased is due to two factors: ( 1) the size and inherent flexibility of the PETMP-4ene 
monomer, and (2) the presence of phenols in the PETMP-4ene monomer which limit 
conversion of thiol and alkene functional groups. 
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Figure 29. Thermomechanical data: (a) tan delta curves and (b) storage modulus curves 
for ternary thiol-alkene networks. DMA data for TTT10o/PETMP-4eneo was obtained 
from Sparks et a /. 16 
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Table 4 
Thermomechanical properties of ternary thiol-alkene networks 
Tg FWHM E' 
Sample (oC) coc)a (MPa)b Px (x 10-3 mol cm-3)c 
TIT 1 oo/PETMP-4ene0 36 67.5 17.7 24.1 2.54 
TTT 9o/PETMP-4ene 1 o 45.2 12.4 15.1 1.69 
TTT 7 s/PETMP -4ene2s 32.1 13.8 12.2 1.42 
TTT 5o/PETMP-4ene5o 27.5 13.7 10.6 1.25 
TIT o/PETMP-4ene 1 oo 24.5 15.7 7.14 0.849 
'FWHM values obtained from tan o curves; bE' value detennined at T,+4o•c ; 'Crosslink density 
When the values obtained for Tgs are plotted as a function of PETMP-4ene mole 
fraction , an exponential function can be used to determjne a best-fit curve. The form of 
the equation is shown in Equation 1, 
y = a + b · exp ( c · x) Equation 1 
where a is a vertical shift factor, b adjusts the amplitude ("steepness") of the graph, and c 
adj usts the curvature. For the fit, cis known to take on a negative value, since the Tgs of 
the ternary thiol-alkene networks are inversely related to the mole fractions of PETMP-
4ene. Y is defined as the Tg values and xis the mole fractions of PETMP-4ene in the 
ternary systems. When the best-fit exponential curve to the data was found, the equation 
takes the form shown in Equation 2. 
y = 25.4 + 42.0 · exp ( -0.0740 · x) Equation 2 
The T gS of the ternary networks are plotted with respect to the mole fraction of 
PETMP-4ene in Figure 30, along with the best-fit curve. The coefficient of 
determjnation , R2 , which tells how closely the curve fits the data, was determined to be 
0.999, implying a near-perfect fit. The function in Equation 2 is especially accurate for 
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formulations that contain 25% or less PETMP-4ene, but begins to deviate slightly once 
50% or more is loaded. For the TTT5o/PETMP-4ene50 system, the difference between 
predicted and experimental values is just over 1 K. Likewise, the TTT o/PETMP-4ene 100 
Tg deviates by 0.9 K. 
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Figure 30. Plot ofT gS vs. mole fraction of PETMP-4ene and exponential fit. 
In order to determine if the model shown in Equation 2 is viable, a separate 
formulation consisting of 65 mol % PETMP-4ene and 35 mol % TTT was cured using 
the same procedure as the other samples. DMA was run to determine the T g. and the 
experimentally-determined value for the Tg was compared to the predicted value. 
Equation 2 predicts that the resulting Tg will be 25 .7 K, whi le the experimental value 
obtained was 26.4 ± 1.1 K. Since the predicted value is within one standard deviation of 
the experimental value for the formulation, it can be concluded that the model determined 
in Equation 2 is valid. 
The crosslink density (Px) of the ternary networks was calculated based on the 
storage modulus and Tg values, and can be estimated using Equation 3,41 
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Px = E'/2(1 + y)RT Equation 3 
where E ' is the rubbery storage modulus at temperature T = Tg + 40 K according to the 
theory of rubber elasticity,4 1 R is the ideal gas constant andy is Poisson's ratio which is 
assumed to be 0.5 for incompressible networks. As can be seen in Table 4, the crosslink 
density decreases with increasing loading of the PETMP-4ene monomer. It should be 
noted that the TTT o/PETMP-4eneJOo formulation shows a second decrease in storage 
modulus near the Tg + 40 K value, indicating that the polymer is approaching the melt 
state at higher temperatures. Coupling this decrease in E' with the excess conversion of 
alkene functional groups suggests that the PETMP-4ene monomer acts more like a chain 
extender rather than crosslinking agent due to its size, flexibility and presence of phenols. 
Tensile Testing 
The mechanical properties of the ternary thio1-alkene networks were investigated 
using tensile tests. Data obtained included Young's modulus, yield point (if applicable) 
and strain at break. The samples were subjected to a strain rate of 0.2 in/min to obtain the 
stress-strain plots shown in Figure 3 1. Young's modulus can be determined by the initial 
slope of the stress-strain curve, where deformation is elastic. As PETMP-4ene content is 
increased, the Young's modulus decreases monotonically. This trend should not be 
surprising, since both the TTT10o/PETMP-4ene0 and TTT9ofPETMP-4eneJO systems are 
glassy at 23 °C, thereby leading to a high Young's modulus value. However, for the other 
three systems, 23 °C is located within the tan delta peak for the Tg (alternatively, the 
storage modulus values have already started to decrease in the DMA traces), meaning the 
samples show more elastomeric behavior, lowering the Young's modulus. A yield point 
for two of the samples, TTT9o/PETMP-4ene10 and TTT75/PETMP-4ene2s, was observed 
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by locating the initial local maximum of the stress-strain curves at 5.14% and 4.4%, 
respectively. A yield point indicates that there is a transition between elastic deformation 
and plastic deformation within the sample, and can be used to approximate a maximum 
loading stress before the sample is permanently deformed. As the mole fraction of 
PETMP-4ene is increased, not only does the T g decrease, but also the behavior of the 
polymer network changes from a rigid, glassy polymer to more of an elastomer. The 
elastomeric behavior can be especially seen fo r the TTT5o/PETMP-4ene50 and 
m o/PETMP-4enel0o networks. However, the TTT7s/PETMP-4ene25 system also begins 
to show elastomeric behavior, due to a less-prominent yield point and that 23 oc is within 
the tan delta peak for the Tg. The TTT9o/PETMP-4enel0 sample is still completely glassy 
at 23 °C, which allows for a pronounced yield point, as shown in Figure 31. 
The strain at break for the ternary samples was observed to increase up to 50 
mol% PETMP-4ene, highlighting the interplay that exists between monomer structure, 
hydrogen bonding and conversion of functional groups. A plot of both the strain at break 
and Young' s modulus values is shown in Figure 32. Due to the TTT10o/PETMP-4eneo 
and TTT9o/PETMP-4ene 10 samples being glassy and therefore more brittle at ambient 
temperature, the strain at break is expected to be fairly low. A decreased conversion of 
functional groups, lower T g and presence of a yield point upon loading the PETMP-4ene 
monomer account for the increase in strain at break, as the polymer chains can slide past 
each other upon uniaxial deformation. It should be expected that a monotone increase in 
strain at break would occur with increasing PETMP-4ene content, but an apparent 
decrease in strain at break was observed for the TTT o/PETMP-4enel0o system. A t-test 
was conducted for the 75%, 50% and 0% TTT networks to determine if the strain at 
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break results are statistically significant. Each t-test returns a P-value that is either Jess 
than 0.05 (statistically significant) or greater than 0.05 (statistically insignificant). 
Between the TTT 75/PETMP-4ene25 and TIT 5o/PETMP-4ene5o networks, the P-value was 
determined to be 0.2044. Also, between the TTT 5o/PETMP-4ene50 and TTT o/PETMP-
4ene 100 networks, the P-value was determined to be 0.1263. Both P-values therefore 
conclude that the differences between strain at break are not statistically significant. In 
other words, there is not an overall benefit in terms of strain at break to load 50 mole % 
PETMP-4ene over either 25 mole % or 100 mole % in the TTT/PETMP-4ene networks. 
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Figure 31. Stress-strain plots for ternary thiol-alkene networks. 
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Conclusions 
An allyl-functional benzoxazine (P-ala) was synthesized for the COLBERT 
reaction with a tetrafunctional thiol, leading to a phenol-pendent, tetrafunctional alkene 
monomer (PETMP-4ene). The PETMP-4ene was subsequently combined with TTT, a 
triallyl monomer, and PETMP, a tetrafunctional thiol, to produce crosslinked thiol-alkene 
networks with varying mole percentages of PETMP-4ene. The kinetics of UV curing 
were determined to be slower than that of traditional thiol-alkene polymerizations, where 
quantitative conversion occurs rapidly. Additionally, alkene homopolymerization became 
more noticeable upon increasing the loading percentage of PETMP-4ene. The ternary 
thiol-alkene samples are less thermally stable at low temperatures compared to 
TTT/PETMP due to unconverted functional groups, but show higher char yields due to 
the presence of aromatic rings in the samples. DMA results show that increasing loading 
of PETMP-4ene Jowers the T g and crosslink density due to the size and flexibility of the 
monomer compared to TTT and the lower conversion of functional groups of the polymer 
networks. A best-fit exponential curve was applied to the Tgs of the ternary networks and 
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successfully used in predicting the T g of a new ternary formulation. Finally, tensile 
testing shows a decrease in Young's modulus and an increase in strain at break with 
increasing loading of PETMP-4ene, which is due to the lower conversion and therefore 
the ability of the polymer chains to slip past each other upon elongation. Due to the 
PETMP-4ene's high viscosity (as well as the thiol and TTT), this system could easily be 
applied to a surface by brush and subsequently UV cured to form an adhesive with 
adjustable properties. 
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CHAPTER V 
CONCLUSIONS 
Conclusions 
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The synthesis and characterization of two monomers based on benzoxazines has 
been accomplished with the overall goal of incorporating them into thiol-based networks. 
Beginning with the propargyl-functionalized benzoxazine (P-pa) in Chapter III, a hybrid 
dual-cure network was synthesized using the pendent alkyne functional group in a UV-
initiated thiol-alkyne polymerization. The effect of varying the functionality of the thiol 
on the kinetics of photopolymerization, heat-induced ROP of the benzoxazine and final 
network properties was examined. While the COLBERT reaction was observed to 
compete with the thiol-alkyne photopolymerization, viable polymer networks were 
obtained upon heat-induced ROP of the residual benzoxazine monomers. Thermal 
stability was shown to be intermediate between that of a neat polybenzoxazine and thiol-
alkyne network. Finally, DMA showed that the polymer networks were significantly 
heterogeneous, due to the COLBERT reaction competing with the thiol-alkyne reaction. 
Despite the broadness of the properties of the dual-cure networks, the networks retain 
most of the desirable properties of polybenzoxazines with Tgs comparable to thiol-alkyne 
polymer networks, indicating that these polymers can potentially have uses in low-
temperature applications. 
The allyl-functional benzoxazine (P-ala) , which was characterized and studied in 
Chapter IV, was used as a reactive functional group in an attempt to use the COLBERT 
reaction to influence the properties of a known thiol-alkene polymer network. The 
synthesis of the tetrafunctional alkene monomer (PETMP-4ene) was carried out and 
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ternary thiol-alkene polymer networks were synthesized by varying the amount of 
PETMP-4ene loaded into the systems. The kinetics of photopolymerization were found to 
be slower than a traditional thiol-alkene system due to the presence of phenols in the 
PETMP-4ene monomer. The presence of unreacted functional groups was also 
determined using DSC, in effect complementing the kinetics study. Thermal stability was 
initially lower as shown by the T5 values for each polymer network containing PETMP-
4ene, but the Yc values were higher due to the presence of aromatic groups within the 
polymer network. The values for the Tgs were shown to be dependent upon the amount of 
PETMP-4ene in the system, varying from approximately 25 octo 70 °C, while keeping 
the same amount of homogeneity as shown by the FWHM values in the tan delta curves. 
The Tg values could be accurately predicted by an exponential function, which has 
implications in designing polymer networks for specific applications. The mechanical 
strength of the ternary networks was studied, and it was found that increasing the amount 
of PETMP-4ene Jed to a general increase in toughness, but a decrease in Young's 
modulus. 
Overall, this thesis shows two different techniques to influence the properties of 
thiol-alkene and thiol-alkyne networks. Both approaches, designing a dual-cure system or 
directly reacting benzoxazines into a thiol-"click" network, are viable and can be used to 
significantly modify the inherent properties of the polymer networks. 
Future Directions 
One of the most glaring issues with the dual-cure system presented in Chapter III 
is the broadness of the glass transition peaks. While it was shown that a thiol molecule 
with high functionality is sufficient to create a more well-defined network prior to heat-
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induced ROP, there are several other methods to achieve this result with potentially more 
flexibility. First, a difunctional benzoxazine, which has already been characterized by 
Narayanan et al., has been shown to have a more stereotypical tan delta peak, even 
though it is also broad in nature. Even though the work presented in this thesis revolves 
around monofunctional benzoxazines, a propargyl-functional benzoxazine could easily be 
synthesized using a bisphenol and reacted into a thiol-"click" network using the pendent 
alkyne groups. This approach would also result in an increase of the Tg. regardless of the 
fu nctionality of the thiol molecule. 
While the functionality of the benzoxazine monomer can be changed, the 
underlying issue of the COLBERT side reaction can also be taken into consideration. 
Appending an electron-poor alkyne onto a benzoxazine may be a viable approach, as 
Gorodisher has shown that a Lewis base will significantly inhibit the COLBERT 
reaction. Therefore, one could expect that the use of a thiol-Michael addition, which is 
base-catalyzed, would be able to form a more well-defined polymer network upon the 
thiol-alkyne reaction. 
In Chapter IV, it was noted several times that the presence of phenols within the 
PETMP-4ene monomer had effects on properties of the polymer network, some 
advantageous and some detrimental. Since the benzoxazine monomer can be designed 
with one of several different functional groups, a highly efficient polymerization that 
does not rely on free-radical based chemistry could provide an opportunity to study the 
effects of including PETMP-4ene into the system without detrimental effects from the 
phenols. Specifically, thiol-Michael additions (mentioned above) and azide-alkyne 
reactions are two noteworthy examples that could be studied in this type of system. 
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APPENDIX A 
EXPLORING THE EFFECT OF MAXIMUM CURE TEMPERATURE ON THE 
THERMAL AND THERMOMECHANICAL PROPERTIES OF POLYBENZOXAZINE 
NETWORKS 
Matthew J. Jungman, Jared S. Cobb, Daniel J. Lawler, Jamie D. Sholar, Charles B. 
Johnson and Derek L. Patton 
Abstract 
The thermal and thermomechanical properties of two commercially available 
polybenzoxazine materials were investigated as a function of maximum temperature 
employed in the cure profile. Heat-induced cationic ring-opening polymerization of 
Araldite® 35600 and Araldite® 35900 was carried out at 180 °C, 200 °C, 220 oc, and 
240 oc. FTIR and differential scanning analysis results show maximum conversion in 
each monomer system is achieved at 180 oc or 200 °C, and that higher cure temperatures 
were unnecessary. Thermal stability of the polybenzoxazine material s prepared under 
both low and high temperature cure profiles, as indicated by thermogravimetric analysis 
results, was minimally affected with increasing cure temperatures. Dynamic mechanical 
analysis results indicate that despite an increase in the rubbery storage modulus as a 
function of maximum cure temperature, higher cure temperatures employed in ambient 
atmosphere ovens result in detrimental effects on the glass transition temperature of the 
network. In the case of Araldite® 35600, a 12 oc decrease in T g was observed when the 
cure temperature was increased from 180 oc to 240 °C. The combined FTIR, DSC, and 
DMA data for Araldite® 35600 and Araldite® 35900 show that optimized conversion 
and thermomechanical properties can be achieved at lower cure temperatures. Thus, a 
judicious choice of cure profile must be considered to avoid degradative processes and to 
achieve the maximum properties of polybenzoxazine systems. 
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Introduction 
In the recent years, polybenzoxazine networks derived from heterocyclic bis- 1 ,3-
benzoxazines have attracted much attention for a variety of applications including 
aerospace, microelectronics, and energy industries. Bis- 1 ,3-benzoxazines undergo 
thermally-inititated cationic ring-opening polymerization (ROP)- in the absence of 
catalyst and without by-products - yielding a crosslinked polymer network comprised of 
a phenol and a tertiary amine bridge as the structural motif. Extensive hydrogen bonding 
between the phenol and tertiary amine give ri se to many salient features observed in 
polybenzoxazines, including high Tg. high thermal stability, low surface energy, and low 
water adsorpti on. J-J Despite these advantageous properties, there continues to be room for 
improving the thermal and thermomechanical properties of polybenzoxazines. 
One of the simplest approaches to affect the ultimate properties of 
polybenzoxazine materials is by judicious choice of thermal cure schedule. A brief survey 
of literature shows a broad range of thermal cure schedules have been employed for the 
polymerization of similar benzoxazine systems, in some cases ranging from 180 octo 
240 °C.4·5 Ideally, one would like to apply the minimum cure temperature necessary to 
achieve the maximum thermal and mechanical properties of any given polybenzoxazine 
system. 
Herein, we explore the effect of the maximum temperature employed in the cure 
schedule on the thermal and thermomechanical properties of two common and 
commerc ially avail able polybenzoxazine systems, including Araldite 35600, a bi sphenol 
A centered bisbenzoxazine, and Araldite 35900, a thiodiphenol centered bisbenzoxazine, 
available through Huntsman Chemical. Four maximum cure temperatures were 
employed, ranging from 180°C to 240 oc, and the resulting thermal and 
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thermomechanical properties of the polybenzoxazine samples were studied in relation to 
the cure temperature. 
Experimental 
Materials 
Benzoxazine monomers were supplied as complimentary samples by Huntsman 
Chemical under the following trade names Araldite® 35600 and Araldite® 35900, and 
were used as received with no further purification. Structures of the benzoxazine 
monomers are shown in Scheme 18. Chloroform was obtained from Fisher Chemical. 
Methods 
To prepare TGA and DMA samples, 4 g of benzoxazine monomer was placed into 
a 3-cm diameter aluminum weigh pan and heated to I 00 oc to melt the samples. The 
samples were degassed at 100 oc for 5 h under vacuum. After degassi-ng, the samples 
were transferred to an air-circulating oven preheated to 180 °C. The samples were held at 
180 oc for two hours during which time the colors changed to dark red or orange, 
indicating polymerization was taking place. After heating for two hours, the samples were 
cooled to room temperature and cut into DMA strips with dimensions of 5 mm width and 
1.5 mm thickness using a Dremel tool equipped with a di amond circular saw. The strips 
were then split into four groups, each of which had a different cure schedule, shown in 
Table 5. 
Table 5 
Cure schedule for polybenzoxazine samples. The time intervals indicate the total amount 
of time spent at that temperature 
Temperature CCC) Max. cure temp. (
0 C) 
180 200 220 240 
180 4h n/a n/a n/a 
200 2h 2h n/a n/a 
220 2h 1 h 1 h n/a 
240 2h l h 1 h I h 
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FfiR samples were prepared by spin coating a NaCI salt plate (dimensions 25 mm 
x 4 mm) with approximate ly I mL of a concentrated solution of benzoxazine monomer 
di ssolved in chloroform. The coated salt plates were then exposed to one of the cure 
schedules listed in Table 5. All FfiR scans were obtained on a Thermo Scientific Nicolet 
8700 FfiR spectrometer with an MCT/A detector and KBr beam splitter. Each spectrum 
was collected using 32 scans. All samples were mounted on a transmission cell with a 
dry nitrogen purge. All spectra were plotted using Origin. 
Samples for DSC analysis were prepared by placing 6-8 mg of benzoxazine 
monomer into an aluminum hermetic DSC pan. DSC thermograms were collected for 
monomers, and for polymers after each stage of the cure determine the change in heat of 
reaction between cure temperatures. Thermal history was not erased before running DSC 
traces. Samples for each cure temperature were prepared by holding the DSC pans in the 
oven for the amount of time listed in Table 5. All DSC tests were run on a TA 
Instruments Q200 differential scanning calorimeter. Samples were held isothermally at 30 
oc for 5 minutes, and then the temperature was ramped at a rate of 5 °C/min to 300 oc. 
The onset, peak exotherm and heat of reaction for each DSC trace were measured 
concurrently. 
TGA samples were cut into pieces of 5- 12 mg and tested for thermal stability in 
a ceramic TGA pan under a nitrogen atmosphere. All TGA were run on aT A Instruments 
Q500 thermogravimetric analyzer. Samples were held isothermally at 40 oc for 5 minutes 
and the temperature was then ramped at I 0 °C/min to 800 oc. T 10, the temperature at 
which I 0% of the material is lost due to degradation, and Y c. the char yield at 800°C, 
were measured concurrently. 
DMA samples were obtained from the four groups of polymer samples after 
curing at 180 oc for two hours. All DMA tests were run on a T A Instruments Q800 
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dynamic mechanical analyzer in tension film mode. Samples were clamped at a torque of 
5 in-lb. Samples were held isothermally at 30 oc for 2 minutes and the temperature was 
then ramped at a rate of 2 °C/min to 250 oc. The Tg of the samples was determined by 
locating the maximum of the tan de lta trace. Full-width at half-maximum (FWHM) of the 
tan delta peak was measured concurrently. Any parts of the samples not used for DMA 
were used for TGA. All DSC, DMA and TGA analyses were carried out using TA 
Uni versal Analysis software and plotted using Origin. 
-t 
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Scheme 18. Structures of the two benzoxazine monomers. 
Results and Discussion 
Heat-induced Cationic Ring-Opening Polymerization of Benzoxazine Monomers 
Heat-induced cationic ring-opening polymerization of Araldite® 35600 (bisphenol 
A centered bisbenzoxazine) and 35900® (thiodipheno l centered bisbenzoxazine) was 
carried out in an air-circul ation using conditions typicall y reported in literature. The 
chemical structures of the two monomers and the polymeri zation process are shown in 
Scheme 18. Specifically, the monomers were melt-casted in aluminum weigh pans, 
degassed in the melt state under vacuum, and then cured at 180 oc for 2 h. Samples were 
then separated and post-cured at 180 °C, 200 °C, 220 oc or 240 oc for specific times 
shown in Table 5. Figure 33 shows photographs of each benzoxazine sample at each 
stage of the post-cure process demonstrating a global darkening of the samples as the 
post-cure temperature is increased. The coloration is due to degradative crosslinking and 
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formation of qui nones within the sample, processes which are discussed in greater detail 
below. As we have previously shown, much of the e processes that lead to coloration can 
be avoided simply by minimizing exposure to air during the cure process.6 
Monomer 
Figure 33. Appearance of benzoxazine monomers and their corresponding polymers at 
different stages of curing. Top: Araldite® 35600, bottom: Araldite® 35900. 
FTIR and DSC Analysis of the Cure 
The progress of the heat-induced ROP was followed by transmission FfiR as a 
function of post-cure thermal treatment. Figure 34 shows the FTIR spectra for the 
Ara ldite® 35600 samples, while the spectra for the Araldite® 35900 samples are shown 
in Figure 35. The characte ristic benzoxazine peaks observed for both monomer systems-
one at 948 em·' assigned to the out of plane C-H vibration of the benzene ring attached to 
the oxazine ring, another at 1230 em·' due to C-0-C asymmetric stretch of the oxazine 
ring, and another peak at 1498 em· ' assigned to the vibration of the tri -substituted benzene 
ring -are no longer observed after the fi rst cure step at 180 oc indicating high convers ion 
of the oxazine ring-opening reaction. Additionall y, a new peak appears at 1479 em·' 
corresponding to the tetra-substituted benzene ring that results from ring-opening 
polymerization of the benzoxazine. Finally, even though the peaks are not marked in the 
spectra, the OH stretch in the phenol can be observed at approx imately 3300 em·', a 
further ind icator of ring-opened benzoxazines. An important note to make in examini ng 
the FfiR spectra shown in Figure 34 and Figure 35 is that an ox idative environment (e.g. 
air) promotes the formation of quinones, and thus additional cross! inking upon heat 
curing.7 The peaks associated with quinones can be observed at 1654 em·' (Araldite® 
35600) and at 1678 em·' (Araldite® 35900). 
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Figure 34. FfiR overlay of Araldite® 35600. Vertical lines indicate functional groups 
within the monomer or polymer. From right to left: ring-closed oxazine (948 cm-1) , 
aromatic ether ( 1232 cm-1) and quinone (1654 cm-1). 
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Figure 35. FfiR overlay of Araldite® 35900. Vertical lines indicate functional groups 
within the monomer or polymer. From right to left: ring-closed oxazine (938 cm-1) , 
aromatic e ther (1230 cm-1) and quinone (1678 cm-1) . 
The ring-opening polymerization behavior was also characterized using DSC. 
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DSC thermograms of each monomer were compared with thermograms of samples cured 
at each stage of the maximum temperature cure profiles shown in Table 5. The onsets and 
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total energy of the exotherms were measured, and the conversion of benzoxazine 
functional groups at different cure temperatures was calculated according to Equation 4, 
Conversion = (1- llHr.T) . 100 6Hr,m Equation 4 
where tlHr.T is the heat of formation of the crosslinked polymer at cure temperature T, 
and tlHr.m is the heat of formation of crosslinked polymer from neat benzoxazine 
monomer. The conversion values are shown in Table 6. The DSC the rmograms for 
Araldite® 35600 and 35900 cured at various temperatures are shown in Figure 36 and 
Figure 37, respectively. As shown, the polymerizati on exotherms recorded from the first 
heating cycle of each monomer are characterized by a unimodal transition with onsets and 
total exotherms of 194.2 oc (418.8 J/g) and 180.9 oc (368.8 J/g), respectively, for 
Ara ldite® 35600 and 35900. Following the 180 oc cure step , the intensity of the ring-
opening exotherm is greatly diminished to 77.6 J/g and 23.4 Jig for Araldite® 35600 and 
Araldite® 35900. At 200 °C, only a residual exotherm is discernible for each of the 
Araldite® 35600 systems indicating high conversion is achieved consistent with the FTIR 
data previously discussed. For samples exposed to temperatures above the 200 oc cure 
profil e, exotherms that can be fully attributed to the ring-opening polymerization are 
indi scernible. For example, the presence of an exotherm above 225 oc in the DSC for 
Araldite® 35600 and 35900 samples indicates that other processes, such as degradative 
crosslinking, may occur simultaneously. Ishida and coworkers have shown that radical-
mediated crosslinking occurs at high temperatures with aliphatic-centered polymers,7 and 
polybenzoxazines are known to form crosslinked quinones when curing under an 
ox idative atmosphere (discussed above).7 
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Table 6 
Peak onsets and conversion values for benzoxazine resins, obtained f rom DSC traces 
Max. cure Araldite® Araldite ® 35600 Araldite® Araldite ® 35900 35600 onset 35900 onset 
temp. (0C) (OC) conversion (%) (OC) 
Monomer 194.2 0.00 180.9 
180 187.5 8 1.46 200.6 
200 195.0 91.11 204.4 
220 199.3 94.54 n/a 
240 237.9 99.46 nla 
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- 18o•c cure 
- 2oo•c cure 
t 
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~ - 22o•c cure 
.!21 
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Figure 36. DSC exotherm overlay of Araldite® 35600. 
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Figure 37. DSC exotherm overl ay of Araldite® 35900. 
Thermal Stability 
conversion (%) 
0.00 
93.66 
99.85 
100.00 
100.00 
The onset of thermal degradation plays an important role in designing an 
appropriate cure schedule for benzoxazines. The thermal stabil ity of the polybenzoxazine 
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res ins was investigated using TGA. Samples were held isothermally at 40 oc for 5 
minutes and the temperature was then ramped at 10 °C/min to 800 oc. T 10, the 
temperature at which I 0% of the sample weight is lost due to degradation, and Y c, the 
char yield at 800 °C, were measured concurrently. All numerical values for T 10 and Yc are 
shown in Table 7. The TGA and derivative traces for the Araldite® 35600 samples are 
shown in Figure 38. Examination of the derivative traces in Figure 38 (B) shows that 
onset of weight loss begins around 250 oc. Further, a degradation event at approximately 
300°C is observed for samples at all cure temperatures and is probably associated with 
loss of the isopropyl center. Allen and Ishida7 showed in 2007 that aliphatic sections of 
polybenzoxazines are the first sections to degrade thermally. Overall , the maximum cure 
temperature employed in the ring-opening polymerization had little effect on the thermal 
degradation of the Araldite® 35600 samples, as shown by the similarity in T 10 and Y c 
values at each cure temperature in Table 7. TGA thermograms and derivative traces for 
Araldite® 35900 samples are shown in Figure 39 (A) and (B), respectively. Though the 
overall degradation process likely differs in the Araldite® 35900 samples, as illustrated 
by multiple peaks in the derivative weight loss plot shown in Figure 39 (B), the maximum 
cure temperature displays little effect on the thermal stability. The sulfur center in 
Araldite® 35900 leads to much higher char yields (55%) when compared with Araldite® 
35600 (30% ), as sulfur is a known char promoter in the thermal degradation processes of 
polymer materials. 
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Table 7 
T10 and Yc values for polybenzoxazine networks, determined by TGA 
Max. cure Araldite® 35600 Araldite® Araldite® Araldite® 35900 
temE. (0 C) TIO (0 C) 35600 Yc (%) 35900 T 10 CCC) Yc (%) 
180 328.64 30.44 324.20 55.20 
200 330.01 29.12 322.25 54.60 
220 336.60 30.14 328.27 55.64 
240 330.59 29.95 332.25 55.98 
All values are averages of three runs 
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Figure 38. TGA traces (A) and derivative weight traces (B) for Araldite® 35600. The 
traces shown are representative of a single run. 
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Figure 39. TGA traces (A) and derivative weight traces (B) for Araldite® 35900. The 
traces shown are representative of a s ingle run. 
Dynamic Mechanical Analysis 
Thermomechanical transitions of the cured polybenzoxazine films were 
investigated using dynamic mechanical analysis in tension mode. Samples were held 
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isothermally at 30 oc for 2 minutes and the temperature was then ramped at 2 °C/min to 
250 °C. Storage modulus (E ') and loss modulus (E") values were obtained. The storage 
modulus de cribes the energy stored in the samples upon sinusoidal deformation, and the 
loss modulus describes the energy dissipation of the samples. The value E"/E' gives tan 
delta, a damping factor, which relates energy stored in the sample to energy dissipated 
upon osci llatory deformation. Glass transition temperatures for the samples were 
Ill 
determined by locating the peak of the tan delta traces. The numerical values for the Tgs 
can be found in Table 8. 
The storage modulus and tan delta traces for the Araldite® 35600 networks are 
shown in Figure 40. Similarly, the respective traces for the Araldite® 35900 networks can 
be found in Figure 41. As shown for both Araldite® 35600 and Araldite® 35900, the use 
of higher maximum temperatures in the cure profile resulted in detrimental changes to the 
glass transition of the polybenzoxazine networks. For example, curing Araldite® 35600 at 
180 oc for 4 h provided a maximum Tg value of 189.9 °C, whereas curing the Tg was 
decreased more than 10 °C when cured at 240 °C. Similarly, the Araldite® 35900 sample 
cured at 180 °C for 4 h showed a Tg at 213.8, whereas a decrease in Tg to 206.5 °C was 
observed when cured at 240 oc. In general, decreases in the Tg values with increasing 
cure temperatures are observed despite an increase in the rubbery storage moduli. 
Although we were unable to apply the theory of rubber elasticitl to calculate actual 
crosslink density values (i.e. the samples showed degradation prior to reaching a rubbery 
plateau), an increase in the rubbery storage modulus is generally equated with an increase 
in crosslink density. As FTIR and DSC results previously discussed showed maximum 
conversion could be obtained with cure profile temperatures at 180 oc or 200 °C, these 
DMA results indicate that the use of higher maximum cure temperatures under ambient 
atmosphere environments only serve the purpose of increasing degradation and 
degradative crosslinking within the polybenzoxazine network- a process that evidently 
produces a detrimental effect on the thermomechanical properties of the network. 
Additionally, these results indicate a judicious choice of cure profile temperatures is 
necessary to achieve maximum thermal and thermomechanical properties of 
polybenzoxazine based materials. 
Table 8 
T8 values for polybenzoxazine networks, determined by DMA 
Max. cure temp. (0 C) Araldite® 35600 Tg (0 C) 
180 
200 
220 
240 
All values are averages of three runs 
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Figure 40. Storage modulus (A) and tan delta (B) traces for Araldite® 35600. The traces 
shown are representative of a single run . 
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Figure 41. Storage modulus (A) and tan delta (B) traces for Araldite® 35900. The traces 
shown are representative of a s ingle run. 
Conclusions 
The thermal and thermomechanical properties of two commercially available 
polybenzoxazine materials were investigated as a function of maximum temperature 
employed in the cure profile. Heat-induced cationic ring-opening polymerization of 
Araldite® 35600 and Araldite® 35900 was carried out at 180 °C, 200 °C, 220 °C, and 
240 °C. FfiR and DSC results showed maximum conversion in each monomer system 
could be achieved at 180 oc or 200 oc, and that higher cure temperatures were 
unnecessary. Thermal stability of the polybenzoxazine materials at both low and high 
temperature cure profiles, as indicated by TGA results, was minimally affected with 
increasing cure temperatures. DMA results indicate that despite an increase in the rubbery 
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storage modulus as a function of maximum cure temperature, higher cure temperatures 
employed in ambient atmosphere ovens result in detrimental effects on the glass transition 
temperature of the network. In the case of Araldite® 35600, a 12 oc decrease in T g was 
observed when the cure temperature was increased from 180 octo 240 oc. The combined 
FfiR, DSC, and DMA data for Araldite® 35600 and Araldite® 35900 show that 
optimized conversion and thermomechanical properties can be achieved at lower cure 
temperatures. Thus, a judicious choice of cure profile must be considered to avoid 
degradative processes and to achieve the maximum properties of polybenzoxazine 
systems. 
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APPENDIX B 
13C NMR SPECTRA 
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Figure 42. 13C NMR spectrum of P-pa. 
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Figure 43. 13C NMR spectrum of P-ala. 
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Figure 44. 13C NMR spectrum of PETMP-4ene. 
